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Abstract

Melling, H. and D.A. Riedel. 1993. Draft and Movement of Pack Ice in the Beaufort Sea,
April 1990 - March 1991. Can. Tech. Rep. Hydrogr. Ocean Sci. No. 151. 79 pp.

The Ice Subsurface Characterization Project, a multi-year study of the motion and thickness of
sea ice in the Beaufort Sea, was initiated in April 1990. This report presents and discusses the
measurements made during the first field year of the project, between April 1990 and March 1991.
Observations were made using two types of self-contained sonar moored at the seafloor. A four-
beam doppler sonar was used to measure the velocity of ice movement over the mooring, while a
narrow-beam ice profiling sonar was used to measure ice draft. Two sites on the Mackenzie
continental shelf north of Tuktoyaktuk were instrumented. One was situated near the middle of the
shelf and the other near the shelf edge. Ice motion measurements were obtained at both sites at all
times during the twelve-month deployment when sea ice was present. Measurements of ice draft
were obtained only at the northern site during April and May of 1990. From this location a
topographic profile across almost 350 km of sea ice was surveyed at 1 m intervals. This profile

- and a variety of statistical measures of the thickness, topography and motion of the ice field are

- presented.

Key words: arctic, sea ice, ice thickness, ice drift, sonar

Résumé

7 Melling, H. and D.A. Riedel. 1993. Draft and Movement of Pack Ice in the Beaufort Sea,

April 1990 - March 1991. Can. Tech. Rep. Hydrogr. Ocean Sci. No. 151. 79 pp.

Le projet de caractérisation de la surface submergée de la glace, une étude & long terme du
mouvement et de 1'épaisseur de la glace dans la mer de Beaufort, a été inauguré en avril 1990. Ce
rapport présente et discute les mesures prises durant la premiére année expérimentale du projet,
entre avril 1990 et mars 1991. Les observations ont été faites en utilisant deux types de sonars
indépendants amarrés au fond de la mer. Un sonar Doppler & quatre faisceaux a été utilisé pour
mesurer la vitesse et la direction de la glace se déplagant au-dessus de l'ancrage, alors qu'un sonar
de profil de glace & faisceau mince a été utilisé pour mesurer le tirant d'eau de la glace. Les
instruments ont été installés en deux sites sur la plate-forme continentale du Mackenzie, au nord de
Tuktoyaktuk. Un premier site était situé prés du milieu de la plate-forme, alors que le deuxiéme

~ était situé prés de la bordure de la plate-forme. Les mesures du mouvement de la glace ont été

continuellement obtenues aux deux sites durant les 12 mois du déploiement, lorsque la glace était
présente. Les mesures du tirant d'eau de la glace ont été obtenues seulement au site le plus au nord,
durant avril et mai 1990. A partir de cet endroit, un profil topographique a été levé sur une
distance de presque 350 km de glace de mer, 2 intervalle de 1 m. Ce profil ainsi qu'une variété de
mesures statistiques de I'épaisseur, de la topographie, et du mouvement de la glace sont présentés.

Mot clés: ardtiqﬁe, 'g'ldce de mer épavivéseur de la glécé; dérive de Ia giécé; sonar
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1. Imtroduction

In the absence of large-scale horizontal movements, sea ice grows in vast featureless sheets of
uniform thickness. An equilibrium thickness is attained when the heat conducted up through the ice
- from the ocean is adequate to balance the energy budget at the atmospheric interface. As this
budget varies seasonally, so does the equilibrium thickness. Calculations show that the annually
averaged thickness of arctic sea ice, when subject only to thermodynamic forcing, is about 3 m

(MAYKUT and UNTERSTEINER, 1971).
The constant movement of sea ice in response to winds and currents generates stresses which

cause ice sheets to break apart into floes, separated by leads of open water. Under cold conditions,
these leads develop a new cover of thinner ice. Where moving floes collide, ice is broken into
fragments and piled into sinuous mounds called ridges. By these processes, the ice pack is quickly
deformed into a rough and geometrically complex landscape both above and below the sea surface.
In the southern Beaufort Sea in late winter, first-year sea ice typically ranges in thickness from zero
to about 2 metres. However, ridges accumulate to very much greater total thickness. The deepest
free-floating ridge keel recorded to date extended to almost 50 m depth (KOVACS ef al., 1973).

Sea ice is conveniently described by its thickness density function, g(k) (THORNDIKE ef al.,
1975). Consider a region of ice of area R large relative to that of recognizeable features in the ice

pack. This area is not well defined, but might, in the Arctic Ocean, be characterized by a scale

greater than one hundred kilometres. If d4(h, h+dh) is the area within R covered by ice having

thickness in the range (h, h+dh), then:
o(h) dh = —I—JA(h,Iz+dh).

Note that g(h) includes open water area as ice of zero thickness. In thlS representation, the mean
ice thickness in R is given by the first moment of g(h):

h= jh g(h) dh.

In general, g(h) will be a function of both space and time. It is recognized that the thermodynamic
processes of freezing and melting tend over time to narrow g(h) to a small band of ice thicknesses
about the equilibrium thickness for the region. Conversely, the dynamic processes of lead opening
and ridging broaden the function by creating open water (zero ice tmckness) at one end of its range
and by creating thick ridged ice at the other.

Pressure ridges present the most severe: commonplace ice hazard to offshore structures and
shipping in the Beaufort Sea. Icebreaking ships and drilling platforms reach their design limits
when encountering pressure ridges, long before they are threatened by the level ice between the

-ridges. Grounded ridges have been the cause of the heavy scouring of the seafloor to depths of
70-80 m in the Beaufort Sea, and therefore pose a major hazard to subsea well completions and oil
pipelines. Very few data are available at the present time to characterize the population of
‘pressure-ridge keels in the Beaufort Sea and its interannual fluctuations. -

Data acquired by upward-looking sonars mounted on nuclear submarines have been used for
several decades to determine the draft and ridging characteristics of sea ice in the basins of the
Arctic Ocean (BOURKE and GARRETT, 1987). Over the shallow arctic continental shelves,

- however, the acquisition of data by submarine has not been practical. Moreover, military security
= regulations have allowed the release of only a small fraction of the data which have been acquired.”
Over the Alaskan continental shelf of the Beaufort Sea, observations using aircrafi-mounted laser

profilometers have revealed dramatical increases in both the frequency and height of ridges with
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approach to the coast (TUCKER et al., 1979).

Moored self-contained upward-looking sonars now provide the capability to acquire excellent
underside topographic measurements of sea ice in shallow arctic seas. This method, based on
measurements at a fixed location, relies on the natural movement of the ice pack to bring new ice
into the sonar's field of view. In the southern Beaufort Sea, approximately 2000 kilometres of ice
can be profiled annually in this way. Observations of this type were acquired in the Beaufort Sea
with prototype instruments in the late 1970's and early 1980's (HUDSON, 1990; PILKINGTON and
WRIGHT, 1991). In this report, observations made in the same area with second-generation

instruments are reported.




2. Observational Programme

This project is named the Ice Subsurface Characterization Project, and the work of the 1990-91
field year is identified by the acronym ISC90. )

Between April 1990 and March 1991 (the 1990-91 field year), moorings bearing instruments to
measure ice draft and movement were maintained at two sites in the Kugmallit Valley of the
Beaufort Sea, north of Tuktoyaktuk. The geography of the area, and the mooring sites, are shown
in Figure 1. Moorings were deployed from the ice surface using aircraft logistics in April 1990,
were recovered, serviced and re-deployed from the CCGS Henry Larsen in September 1990, and
recovered again, this time through the ice in April 1991. Wintertime aircraft operations were based
at the Tuktoyaktuk base camp of the Polar Continental Shelf Project of Energy, Mines and
Resources, Canada.

The plan required the positioning at each site of an Ice Profiling Sonar (IPS), for the
measurement of variations in ice draft, and an Acoustic Doppler Current Profiler (ADCP), for the
measurement of ice motion. In April 1990, only one of the ice profilers (IPS2) was serviceable, and
this was deployed at the northern site, ISC90-2A. At the southern site, only ice motion was
measured over the first deployment. In September 1990, both an ADCP and an IPS were deployed
at each site. Unfortunately, during the period from September 1990 to March 1991, no ice profile
data were recorded. The ice profiler at ISC90-1B (IPS1) developed a leak and became non-
functional shortly after it turned on in mid-October, while that at ISC90-2B fa1led to turn on
because of a flaw in the instrument firmware.

Tables 1 and 2 summarize the details of the two deployments. Positions were deterrmned using
a Trimble Transpack GPS receiver, and are reported in the NADS3 datum. Soundings were
estimated from the National Resource Series Chart No 26602. Note that the period of data
recovery from functioning instruments is shorter than the deployment period because ice was not
present at the mooring site at all times.

It is noted that the ADCP's were configured to measure range to the ice, thereby prov1d1ng a
- time averaged and rather imprecise (uncertainty ~ 1 m) version of the IPS draft record. - They also

measured ocean current and acoustic scattering cross-section at 4 m increments between 4 m above
the transducer head and about 10 m below the ice. These complementary ADCP-derived
observations are not discussed in this report. -

The design of the ADCP mooring is depicted in Figure 2. It is a short taut-line configuration,
with buoyancy sufficient to maintain a zenithal orientation within £1.5° in currents up to 30 cm/s. .
A short vane was attached to the ADCP mooring frame to reduce azimuthal oscillations of the
instrument. - Large azimuthal oscillations complicate the correction of the time-averaged ADCP
headings for compass non-linearity. In this first year of the ISC project, three different IPS
moorings were used. The mooring used for the successful deployment of IPS2 at ISCO0-2A was
built around a rigid, bottom-penetrating lance which held IPS2 in a fixed orientation regardless of
current drag forces. The IPS1 mooring used for both deployments was similar, with the difference
that ISP1 was suspended in a gimballed mount. The mooring for the second deployment of IPS2 at
ISC90-2B is illustrated in Figure 3. This is the design of IPS mooring which has been adopted for
subsequent use in the ISC research programme.

Additional environmental observations are required for the calibration and analysis of the subsea
- sonar data. Sound speed, which is used to convert measured echo times to ranges, is calculated

from water-column profiles of temperature and salinity. Profiles were measured by CTD at
locations shown in Figure 1 in March and in September of 1990. The CTD profiles also were used
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to convert hydrostatic pressure measured at the IPS to depth, via a calculated profile of density.

Sea-level atmospheric pressure observations are required to correct the total pressure measured
by the IPS for variations in atmospheric pressure. Routine sea-level pressure observations made at
Tuktoyaktuk were acquired from the Arctic Weather Centre of Environment Canada.

Two Argos PTT's were deployed in March 1990 at locations on the sea ice to the east of the
mooring sites shown in Figure 1. The tracks followed by these buoys during the time that pack ice
overlay the mooring sites are also shown in the figure. The buoys, manufactured by Hermes
Electronics Ltd. of Dartmouth, N.S., used the HT101A transmitter and were tracked by Service
Argos. Approximately 18 positions were obtained per day, with a typical error of 350 m.




Table 1: Moorings for Ice Subsurface Characterization: First Deployment 1990

Site ISC90-1A ISC90-2A
Sounding 56m 76 m
Mooring Separation - 240 m
Instrument Type ADCP - ADCP IPS2
Serial No 179 - 318 1
Acoustic Frequency 614.4 Khz - 307.2kHz 200 kHz
Latitude -70° 18.30'N - 70° 48.66'N 70° 48.62'N
Longitude 133°36.62'W - 133°43.25'W 133°43.41'W
Transducer Depth 50m - 70m 74 m
Sample Interval 31'33.58" - 30' 25.08" 15s
Deployment (GMT) 22:23 - 21:05 23:16
‘ 30 Mar 1990 4 Apr 1990 4 Apr 1990

Recovery (GMT) 02:22 - 14:44 15:06

30 Aug 1990 30 Aug 1950 30 Aug 1990
Start Time (GMT) 08:55 - 05:55 23:16

31 Mar 1990 " 5 Apr 1590 4 Apr-1990
End Time (GMT) 18:51 - 16:30 16:41

21 May 1990 31 May 1990 31 May 1990
Duration 51.4 days - 56.4 days 56.7 days

Table 2: Moorings for Ice Subsurface Characterization: Second Deployment 1990

Site ISCS0-1B ISC90-2B
Sounding ] 56 m 82 m
Mooring Separation ADCP 340 m along 21° ADCP 260 m along 78°
Instrument Type ADCP IPS1 ADCP IPS2
Serial Ne 179 1 318 1
Acoustic Frequency 614.4 kHz 200 kHz 307.2kHz 200 kHz
Latitude 70° 20.83'N 70° 20.66'N 70°58.12'N 70° 58.09'N
Longitude 133°43.96'W 133°44.16'W 133°41.09'W 133°41.50'W
| Transducer Depth 50m 54m 76 m 76m
Sample Interval 30 min 155 30 min 155
Deployment (GMT) 15:23 15:13 22:38 22:23
8 Sep 1990 8 Sep 1990 7 Sep 1990 7 Sep 1990
‘Recovery (GMT) 21:30 15:14 22:40 23:48
12 Mar 1991 12 Mar 1991 13 Mar 1991 13 Mar 1991
Start Time (GMT) 11:00 - 00:30 -
: 21 Oct 1990 9 Sep 1990
End Time (GMT) 21:27 = 21:54 -
12 Mar 1991 13 Mar 1990
Duration 142.4 days No data 185.9 days No data j
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Figure 1: Map of the Beaufort Sea showing the locations of sonar moorings in 1990-91. Locations of CTD profiles, and drift tracks
of satellite-tracked buoys are also shown. Isobaths are at 10 m intervals over the continental shelf.
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3. Instrumentation

a. Ice Movement

A time series of ice motion at each site is both a variable of interest in this project, and the
means by which the time series of ice draft observed by the IPS is mapped to a spatial coordinate.
Temporal integration of the ice velocity generates a curve of ice displacement which represents the
IPS survey track across the bottom of the ice field.

The instruments used in this project to measure ice motion were ADCP's manufactured by RD
Instruments of San Diego, California. The ADCP is a complex, microprocessor-controlled echo
sounder which determines the motion of an underwater acoustic target by measuring the doppler
shift of the echo returned from it. The instrument has four separate beams inclined at 30° to the
vertical orientation of the instrument and separated in azimuth by 90°. Determination of radial
velocities along each beam by application of the doppler principle allows calculation of the three
velocity components of the target at a particular range, under the assumption that the target
velocity is uniform over the spread of the beams. The use of four beams provides an extra degree
of freedom which allows assessment of the validity of the basic assumption. In the water column,
sound is backscattered to the instrument strongly from planktonic organisms within the d1rect1ona1
beam, and weakly from turbulent microstructure.

The ice-water interface presents a very strong target to the sonar, but in general, because of
instrument tilt and irregularity in the ice surface, this interface is not at the same range in each of
the sonar beams. Therefore, the ADCP has a separate mode of operation and tracking algorithm to
determine the motion of ice (the more common application of this algorithm is for tracking the
seafloor from a ship, where the instrument is pointing downward). Firmware within the instrument
scans the received echoes in each beam and identifies the strong echo from the ice-water interface.
It then measures the doppler shift of this echo, regardless of its range, and computes the velocity of
the scattering interface by combining the doppler information from appropriate range in each of the
four sonar beams.

Because of the pulsed character of the sonar operation, the returned echo has a wide
bandwidth, which in single echoes masks the small doppler shift. Results from the processing of
many separate pings are averaged to produce a velocity estimate sufficiently accurate for
oceanographic applications. The nominal accuracy of doppler velocities obtained during the
present deployments is £0.7 cm/s. Parameters used in the setup of the ADCP are listed in Table 3.

b. Ice Draft

The Ice Profiling Sonar (or IPS2) is an instrument developed at Institute of Ocean Sciences to
measure precise ranges to the ice-water interface (MELLING ef al., 1992). The unit is deployed 30-
100 m beneath the surface, looking upward. It transmits an acoustic pulse of selectable duration,
and then identifies the echo from the bottom of the ice. IPS2 examines the returned echoes and
decides which part of the signal is returned from the bottom of the sea ice, or in the absence of ice,
~ from the sea surface. The interval between transmission and receipt of this echo is the Travel Time.

It is the main parameter measured and recorded internally in the IPS's EPROM memory. IPS2 may
be programmed to record also the maximum Amplitude, and the Persistence of the selected echo.
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Table 3: Setup Parameters Used for ADCP's

Deployment A Water-Column Mode Ice-Track Mode
Serial Number 179 318 179 318
Ping Length 2m 4 m 10 m 20 m
Cell Size 2m 4m 4m 8m
No of Cells 30 20 20 14
Pings per Ensemble 300 320 50 40
Ping Interval 542s 5.08 5 30.48 5 40.64 s
Uncertainty 0.76 cm/s 0.74 cov/s 0.9 cm/s 1.0 cm/s
Deployment B Water-Column Mode JTce-Track Mode
Serial Number 179 318 179 318 -
Ping Length 2m 2m 8m 12m
Cell Size 2m 4m 2m -1lm
No of Cells 30 20 35 128
Pings per Ensemble 360 350 60 50
Ping Imterval 4s 45 245 28 s
Uncertainty 0.70 cm/s 0.71 cm/s 0.4 cm/s 0.5 cm/s

IPS2 contains pendulum sensors for measuring the tilt of the sonar beam from vertical on two
orthogonal axes, a sensor for measuring pressure and temperature, and a real time clock. The
frequency of the recording of these auxilliary variables may be controlled by the user. The tilt data
allow the calculation of zenith distance from echo range. The pressure sensor allows for calculation
of the actual depth of the IPS2 beneath (unseen) sea level, as the instrument's depth below sea level
changes in response to storms, tides and mooring motions. Atmospheric pressure must be obtained
by means of independent instrumentation at the surface. Temperature values are used in the precise
calibration of pressure data.

IPS2 views a spot of approximately 1 m diameter at the surface. It relies on the motion of the
sea ice to bring new ice into this target area for measurement. Thus IPS2 can record the draft
- profile of pack ice as it moves through the sonar's field of view. If the motion of the ice between
pings is less than 1-2 m, then the ice profile will be over-sampled, and some of the measurements
redundant. If, however, the ice motion between pings exceeds 1 m, then the ice profile will be
under-sampled, and small-scale features of the profile may be misinterpreted as features of larger
scale (aliasing). Although high drift speeds are relatively rare, the IPS2 measures a large fraction of
all the ice which it surveys when ice drift is rapid. The general specifications of the instrument are
summarized in Table 4.

IPS2 has five parameters which the operator may adjust to reduce uncertainties in the
identification of the ice-water interface. These are Minimum Acceptable Range, Maximum
Acceptable Range, Echo Start Amplitude, Echo Stop Amplitude and Minimum Persistence. The
parameter values used for the ISC90-2A deployment are summarized in Table 5.

* Minimum Acceptable Range is the distance above the transducer within which IPS2 will ignore
all echoes. This parameter is useful for controlling the rejectlon of potent1a11y large echoes

from scatterers near the instrument.
« Maximum Acceptable Range is the distance above the transducer beyond which IPS2 will

ignore all echoes. IPS2 permits only a coarse selection of this parameter, with increments of
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- approximately 24 m.

* Echo Start Amplitude is the amplitude in percent of saturation that an echo must exceed before
TPS2 will start the Minimum Persistence check,

* Echo Stop Amplitude is the amplitude in percent of saturation below which an echo must drop,
after that echo has exceeded the Echo Start Amplitude, before the end of the echo is identified.
This value must always be less than Echo Start Amplitude.

*  Minimum Persistence is the minimum duration of the returned echo selected by Start and Stop
Amplitude that IPS2 will consider as a surface echo.” This parameter is useful for rejecting
strong, short-lived echoes from point scatterers. To accomplish this function, the Minimum

Persistence must exceed the length of the transmitted pulse.

IPS2 timing is based on a 2 MHz clock, whose frequency decreases with increasing
temperature. For the ISC90-2A deployment, the clock frequency of IPS2 at the operating

temperature of -1.5°C was 2,000,087.6 Hz.
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Table 4: Specifications of the IPS2 Instrument

General
Measured Parameter Range in Value Precision
Range 1-350m 1.5cm
Amplitude 0 - 100 % Saturation 0.4 %
Persistence 0-49m . 1.5¢cm
“Tilts £20° 0.16 °
Temperature -10°1030° C 0.05° C
Pressure 0-280db 0.005db
Echo Sounder
Power Output 30 watts (rmsg) into transducer equivalent
Receiver Sensitivity 8 pV (rms) in = 2.5 Vdc out [110 dB gain]
Receiver Bandwidth 8 kHz @ -3 dB
Receiver Signal/Noise 50 dB
Depth 7 <140 m [housing limitiation]
Transducer Beam Width 2°@ -3 dB 5°@ -10 dB
Sampling : ,
Travel Time, Amplitude Persistence | 2, 3,4,5,6,10,15,20,300r60 s
Tilt-A, Tilt-B Multiples of the TT sample interval up to 25
Pressure e
Calendar Time, Temperature Powers of 2 of the memory address [28 to 215]
Battery voltage .
Data Storage 16 megabytes

Table 5: Setup Parameters Used for IPS2 at ISC90_2A

Ping Length 50cm .

Minimum Persistence 150 cm

Minimum Acceptable Range 25m

Maximum Acceptable Range 95 m

Echo Start Amplitude - 49.8%

Echo Stop Amplitude 5.1%

Ping Interval 155

Block Interval - 24 pings

Paragraph Bounds 16  [4096-byte paragraphs]

Optional Parameters Amplitude, Persistence,
- " Pregsure, Tilt, Temperature

14




4. Calibration
a. Ice Movement

Uncertainty in the ice velocity vector derived by the ADCP arises from the following sources:
i. sampling error in the determination of the mean doppler frequency shift.
ii. uncertainty in the oceanic sound speed used to convert doppler frequency shift to doppler
velocity.
ili. uncertainty in ADCP heading, pitch and roll.
. The sampling error is random and a function of the acoustic frequency and pulse length used by
the ADCP, and of the signal-to-noise ratio achieved and the number of pings averaged in each
estimate. For the setup used in these deployments, the sampling error was 0.7 cm/s in each velocity
component. However, when an ADCP is tracking first-year ice floes, which have a very smooth
lower surface, much of the transmitted pulse, incident at 30°, is reflected in a specular fashion from
the ice, and the signal-to-noise ratio at the receiver is very poor. In this instance, the sampling
error, estimated from the root-mean-square value of the vertical velocity component, can increase
to several cm/s. Fortunately, extensive areas of very smooth ice are rare in the Beaufort Sea. This
situation of poor signal-to-noise ratio is only problematic when a flat first-year floe is stationary
over the sonar, ;

The calculated ice velocity is linearly dependent on the speed of sound at the ice-water
interface. Sound speed beneath ice varies little over the course of the year, because the
temperature at the ice-water interface 1s always close to freezing. A systematic error of no more
than 1% may be present.

The conversion of velocity components from a beam-referenced coordinate system to an Earth-
referenced system is based on measurements of tilt and heading by the ADCP. The accuracy of the
tilt measurement is not critical, since a (large) error of 5° in tilt generates an error of only 3% in a
velocity component. Errors in the compass measurement of instrument heading, however, translate .
directly into errors in the direction of ice drift. The ADCP compass is a magnetic flux-gate
compass. Because the strength of the horizontal component of the Earth's magnetic field is only
7000 nT in the Beaufort Sea, the sensitivity of the ADCP compass to small direction changes is less
than at lower latitudes, and the response time and non-linearity of response are greater.

To determine the non-linearity in response at high latitude, the ADCP compass output was
measured at 11.25° increments in orientation in a non-magnetic enclosure located near the PCSP
base at Tuktoyaktuk. Corrections for the observed non-linearity were entered into an EPROM
look-up table within the instrument, and the ADCP rotation was repeated. The residual non-
linearity in the compass of ADCP-318 (KVH-manufactured) was about £2° but that in the
compass of ADCP-179 (EG&G-manufactured) was very much larger, £12°. Correction of ADCP-
recorded headings for residual non-linearity was made during data processing. To permit
assignment of a unique value of heading correction for each ensemble, the ADCP mooring was
equipped with a vane and swivel to discourage fluctuations in ADCP heading during the course of
an ensemble. Following calibration, remnant errors in ice-drift direction which originate as errors in
instrument heading are estimated to be random and of magnitude +2°.

Because the ADCP measures components of ice velocity directly, uncertainty in the direction of
ice drift is poor at low drift speeds. At a speed of 5 cm/s, the uncertainty in each component (0.7
cm/s) corresponds to an uncertainty in direction of about +8°.
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In order to gauge the accuracy of the ice drift measurements by ADCP, the Eulerian
measurements of ice velocity were integrated to produce a progressive vector for comparison with
the Lagrangian drift trajectories of the two satellite-tracked drift buoys. This comparison is
depicted in Figure 4. Bearing in mind the existence of spatial gradients in velocity within the pack
ice, the correspondence between the drift paths derived from the two drift-buoys and the two

ADCP's is very reasonable.

b. Ice Draft

The target value for the error in individual draft determinations by IPS2 is £5 cm. Attainment
of this target requires a careful approach to calibration. Both of the two primary parameters
measured by the IPS2 are surrogates for distance. These are the total hydrostatic pressure
measured at the pressure transducer (related to the depth of IPS2) and the round-trip travel time
“between the ice-water interface and the sonar transducer (related to the range to the ice-water
interface). The sonar transducer is located 0.26 m above the pressure transducer on IPS2. Figure
5 illustrates that, during the first 40 days of the deployment at ISC90-2A, the depth of the sonar
varied over a range of 65 cm because of changes in sea level generated by tide, changes in air
pressure and wind.

The hydrostatic pressure of the ocean on the IPS2, p(¥), is the product of the gravitational

acceleration, g, and the integral of in situ seawater density, p(z,f), over the water column above the
If the pressure calibration is accurate, then seawater density, calculated from CTD

instrument.
profiles, can be integrated to the pressure at IPS to determine instrument depth D(?):
1 p(t) d
D) =~ [ 2
g P(%1)

Note that all parameters vary with time.
The round-tnp travel time T'(?) is related to the range to the reflecting surface R(?) by,

“R(1)
T(t)=2 J' __dar
5 c(D-rt)

Here ¢(z,2) is the sound-speed profile as a function of depth and time. The range to a target may be
determined by evaluating this integral upward from the location of the IPS to the value R which
yields the observed travel time. Note that parameters vary with depth and time.

The pressure measured by IPS is the total hydrostatic pressure. To determine the oceanic
component of hydrostatic pressure, it is necessary to subtract the contribution to total pressure
made by the atmosphere. Continuous local measurements of atmospheric pressure on moving sea
ice are not practical. Therefore, for this project, routine air pressure measurements at nearby
coastal observational sites were used. Observations made at hourly intervals between 7 am and 11 .
pm local time at Tuktoyaktuk airport, and at 00, 06, 12, and 18 GMT at the Tuktoyaktuk DEW
station were acquired from the Arctic Weather Centre of Environment Canada. The two series of
observations were merged, and missing data were intérpolated to produce a regular senes at hourly
intervals.

The air pressure measured at Tuktoyaktuk does not in general equal the air pressure measured

* at site ISC90-2A, 140 km to the north. In Table 6, values of air pressures measured at Cape Parry,
at Sachs Harbour (200 km to the north of Cape Parry) and at Tuktoyaktuk (340 km to the west of
Cape Pany) during 1991-92 are compared. Typical pressure differences between stations
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Table 6: Comparison of Air Pressure Values Measured Simultaneously at Separations of
Several Hundred km in the Beaufort Area

Sachs re Parry Tuktoyaktuk re Parry
Mean Difference (db) 0.003 0.000
Standard Deviation of Difference (db) 0.022 : 0.039
Range of Difference (db) (-0.11, 0.07) (-0.12, 0.16)

separated by less than 200 km are estimated from this table to be in the range 0.01-0.02 db,
equivalent to 1-2 cm in sea level. On average the air pressure differences anticipated between
- Tuktoyaktuk and Site ISC90-2A are not important in the context of this work.

For the deployment of IPS2 at ISC90-2A, the required absolute accuracy of + 0.01 db for the
pressure sensor was not attained in the laboratory calibration. The zero correction to pressure
measurements was determined by the following procedure:

i. echoes from an ice-free water surface, at times close to that of CTD-profile measurement were
identified in the range record.
ii. the range to the air-water interface at these times was calculated using CTD profile data and the
~ integral equation for T(#) above. This is the depth of the vertically pointing sonar transducer.
iii. the oceanic hydrostatic pressure at the pressure transducer was calculated by integrating the

CTD-derived in situ density from the surface to a depth equal to that derived in (ii) plus 0.26 m.
iv. the zero correction to pressure equals this calculated pressure mimus the total pressure

measured at these times corrected for the effect of atmospheric pressure.

By this method, the actual depth and the actual pressure at the IPS at one or more specific times
during the deployment were determined.

Unfortunately, as the density and sound speed profiles within the water column above the
instrument evolve, particularly with seasonal changes in the oceanography, the relationships
between pressure and depth, and between echo time and target range change. Because frequent
CTD profiling at the mooring site to monitor these changes is not practical, a pragmatic approach is
required.

First, it is informative to examine the nature and magnitude of seasonal changes in hydrographic
profiles. Data from the CTD drops in March and September 1990, at the locations mapped in
Figure 1, are illustrated in the plots of Figure 6. In general waters below 40 m depth change little
with season, while those above this depth become warmer and less saline in summer. As a result
the average density decreases in summer, and the average sound speed increases. The change in
sound speed is almost entirely a result of the change in temperature.

For an instrument at the depth of IPS2 (72 m), the apparent change in depth caused by the
decrease in near-surface density between winter and summer (Figure 7, left) is small (=0.03 m).
Thus, after an offset to convert pressure in decibars to the numeric value of depth in metres has
been applied, measured pressure is an acceptable indicator of instrument depth in this area
throughout the year.

The apparent change in distance to the surface associated with the increase in near-surface
sound speed is more dramatic (Figure 7, right). The change of 0.15-0.20 m cannot be ignored.
The only feasible method to correct echo ranges for changes in sound speed is to use corrections
derived from the apparent draft of open-water areas’ which pass through the sonar beam. This

1The jdentification of areas of open water in IPS records will discussed below.
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apparent draft is calculated from the target range, derived using the reference sound speed profile,
and from the sonar depth, derived from pressure. A correction continuous in time is obtained by
fitting a line to the available open-water corrections (see Figure 8). This time-dependent function
may be used to correct ranges to the ocean surface. The fitting error of this curve (+ 2 cm) is a
measure of the observational uncertainty in the draft of level ice surfaces. _

The speed of sound is not uniform with depth. Therefore, the value of the range correction
depends on the range to the target. Since no targets of known draft are available below the surface,
the surface range correction has been used at all ranges. - Thus the best accuracy in range is
obtained for the critical, thin-ice targets near the surface. From inspection of Figure 7, it can be
seen that if all ranges are adjusted by the offset which corrects ranges to the surface, then the’
sound-speed-related error in the draft of thicker ice will increase to a value of approximately 0.10
m at 25 m draft. _

Under rough ice, as a result of the finite angular width of the sonar beam, the first contact of
the transmitted sound pulse with the ice may not be on the axis of the sonar beam. The local draft
of the ice will thus be overestimated. The magnitude of the overestimate depends not only on the
beam pattern of the sonar, but also on its gain, on the sensitivity of its threshold detector, and on
the geometry, reflection coefficient and range of the ice, A definitive discussion of this draft error
is not feasible. However, the narrow beam pattern and high system gain of JPS2 have reduced the

error to a practical minimum.
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5. Data Processing

a. Ice Movement

g

i Ehmmatlon of the Open-Water Period

Except under very calm conditions, sound is backscattered strongly from the sea surface.
However, because of the high and spatially incoherent velocities associated with the surface wave
field, the doppler velocities derived from the surface echo are large and rapidly fluctuating. The
error velocity, which is the difference between two independent estimates of the vertical component
of velocity, is also large. Thus, open-water conditions are easily identified in the doppler record
(BELLIVEAU et al. 1990). During the summer and early autumn of 1990, the mooring sites were in
open water. Data acquired during this period were deleted from the ice velocity record.

An example of the change in the character of the doppler signal during a transition from ice-
covered to 1ce—ﬁ‘ee conditions at the ADCP site is presented in Figure 9.

i. Editing for Leads
Shorter intervals of open-water over the ADCP, caused by leads in the ice cover, were also

easily detected in the ice velocity record. For small leads, remaining over the sonar for no more
than a few hours, the erroneous doppler velocities over the interval were replaced by values

" interpolated linearly between valid velocities of the ice floes on either side of .the: lead.

Occasionally, open-water conditions prevailed over the moorings for many hours. In such
instances, linear interpolation of velocity across the lead was inappropriate. Instead, ocean current
determined by the ADCP close to the sea surface (about 8-10 m depth), over the same mterval was

patched into the ice veloc1ty record.

1. Editing for Stationary Smooth Ice

As mentioned earlier, backscatter into the inclined ADCP beams from smooth ice is often very
weak. As a result of poor signal-to-noise ratio, the echo bandwidth and the uncertainty in ice
velocity are large for such a target. This is a significant problem if the ice is not moving. First, the
errors in ice velocity dominate the small ice velocity. Second, with little or no movement of the ice
cover, the same (poor) target stays over the sonar for prolonged periods. '

Such periods in the ice velocity records were identified by the large values of error velocity,
despite modest values of ice velocity (see Figure 10). For ADCP-318, the identifications were
confirmed by the very steady ice draft detected at the adjacent IPS2 mooring. Editing of doppler
velocity was accomplished in these instances in the following manner. Positions of the Argos buoys
over these periods were extracted from the buoy record, and an average velocity (generally very
small) was computed from a least-squares linear fit to the positions versus time. This average
velocity was used in the ADCP ice velocity record to replace each noisy value in the interval.

v. De-Spiking

Plotted velocity components were examined subjectively, and isolated objectionable values

. were replaced by linear interpolation between neighbouring points.

v. Calibration
Ice velocities were corrected for the sound speed appropriate to surface waters dunng the

deployment (1437 m/s). Drift directions were corrected for non-linearity in the compass response
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measured at high latitude during tests at the Tuktoyaktuk base camp.

vi. Integration to Displacement :

For use in conjunction with the ice-profile data, the components of ice velocity were
transformed into the UTM (Universal Transverse Mercator) coordinate system and integrated to
displacement. -

X(ty 1) = -tx 2 u(t)

i=]

i

y(ty . 1) -T % ;v( t,)

S(ty) = tx SAW(8) + V(1)

i=]
Here (u(1),v(t)) is the velocity vector (x(1),y(?)) is the displacement vector, 7 is the ensemble
interval, and s(?) is the curvilinear coordinate along the path. Note that in the ADCP file, the time
- associated with each record is the time at which each velocity-averaging period is initiated. The
time reference is the start time of the record and position reference (0,0) is the location of the
mooring. The minus signs in the equations for (x,y) reverse the displacement vector, so that it
represents the locus of points in the ice pack at =0 which will drift over the mooring during the
course of deployment. Underlying this interpretation is the assumption that the ice pack moves as a
rigid plate. In reality, this is not so, but this interpretation will likely be good over small time
intervals and small distances along the path.

b. Ice Draft

i. Discrimination of Open Water from Ice

Under rare calm conditions, consecutive echoes from an ice-free water surface are consistent in
range and amplitude, and of very short persistence. These properties correspond to specular
reflection from a very smooth air-water interface. Ice draft deduced from the IPS record under
these conditions is close to zero, and no problems are encountered.

More typically, the water surface is roughened by capillary and/or gravity waves. These cause
the air-water interface to vary in range. They also inject to depths of several metres clouds of air
bubbles which scatter sound very effectively. Under these conditions consecutive echoes, which
fluctuate dramatically in range and amplitude, give the impression, particularly at long ping
intervals, that ice up to several metres in thickness is present. An example of an IPS record during
rough open-water conditions is shown in Figure 11.

Fortunately, because part of their origin is in volume backscatter, these echoes are more
persistent than echoes would be from ice at a similar range. By exploiting the range and persistence
properties of the IPS echo, periods of open water can be effectively discriminated from periods
when the IPS is overlain by ice of thickness in the 0-2 m range.

Examples of the range and persistence properties of surface echoes under different surface
conditions are illustrated in Figures 11, 12 and 13. In these figures, range has been converted to
draft, and reverberation has been substituted for persistence. Reverberation (here defined as the
difference between the 25" and 75™ percentiles of the persistence distribution) has proven a more
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sensitive discrimination parameter.
In the processing of the IPS2 data, periods of open-water were identified through automated

inspection of the entire IPS record. Rough lead areas were flagged for future treatment. The
prolonged summertime open-water period was deleted from the file.

i. Echo Loss under Smooth Ice
In the setup of IPS2 for deployment (Table 5), the minimum per31stence of an echo considered

by the IPS2 firmware as a possible ice echo was chosen to be three times the length of the
transmitted pulse. The intent in using a factor of three was to reduce the possibility of identifying a
strong point scatterer in the water column as the ice-water interface. Unfortunately, because of the
narrow beamwidth of the IPS, and because the underside of level first-year sea ice is very smooth,
such ice sometimes returned a pulse which was shorter than the minimum persistence which had
been chosen. As a result, the firmware discarded the ice echo, and recorded a zero range, zero
amplitude and zero persistence to memory. :

In the processing of IPS2 data, this situation was easily identified, and values for echo range

were interpolated linearly from adjacent valid data by an automated procedure.

ifi. De-Spiking

The IPS2 record contained occasional echoes at short range. These originated elther because

- IPS2 erroneously identified a scatterer in the water column as the ice-water interface, or because,

for reasons unknown, a value of 8192 (2%) was recorded to memory. In the processing of IPS2
data, such erroneous data were identified by application of a rejection threshold for range, and
values for echo range were interpolated linearly from adjacent valid data by an automated

procedure.

iv. Interpolation and Merging of Pressure Data |
Values of both atmospheric and total hydrostatic pressure were required at the time of each

ping for the purpose of deducing ice draft from echo range. Ping data were acquired at 15-second
intervals, total pressure at 4-minute intervals, and air pressure at hourly intervals. Time-series files
of pressure data were expanded by linear interpolation to the IPS2 ping interval, and then merged

with the ping data to form a single file.

v. Calibration
At this stage, ice-draft values were calculated from the range and pressure data in the merged

file using a generalized calibration programme. The calibration involved the following steps:
1) Calculation of the depth of the IPS2 sonar transducer from the approximate total pressure
measurement by:
- subtracting air pressure to obtain approximate oceanic hydrostatic pressure,
- adding a zero correction to calibrate hydrostatic pressure,
- adding an empirical correction, based on observed oceanic demsity profiles, to convert
pressure in dbars to depth of the pressure transducer in metres, :
- subtracting the vertical separation of the pressure and sonar transducers (0.26 m).
2) Calibration of the range from the sonar transducer to the lower surface of the ice by:
- multiplying approximate ranges by the factor ¢/, o5 where c,ef is the reference sound speed
used in decoding the IPS2 binary data file (1437 m s1) and c is the depth-average sound speed

computed from CTD data at the start of the deployment,
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- adding a time-dependent correction (of value zero. at the time of the CTD profile) to
compensate for the variations in depth-averaged sound speed at the mooring throughout the
deployment (see Figure 8).

3) Calculation of the ice draft by subtracting the calibrated range from the depth of the sonar
transducer.

vi. Editing for Rough-water Leads |

Rough-water leads were identified in stage (i) of the data processing. In the current step, the
apparent drafts determined by IPS2 within these leads were replaced by zero values. The exact
boundaries of the leads, specified by ping number, were determined through detailed subjective
evaluation of the draft record.

vii. Interpolation and Merging of Displacement Data

The outcome of stage (vi) is an edited and calibrated file of ice drafts at regularly spaced time
increments. For mapping of the ice profile data, it is necessary that this file be combined with the
ice displacement data derived from the ADCP. To accomplish this, the displacement data were
interpolated from the roughly 30-minute original sampling interval to the 15 s sampling 1nterva1 of
IPS2. A linear interpolation function was used.

The displacement file was then merged with the draft file. The result permits the examination of
the ice draft profiles as a function of an irregularly incrementing spatial coordinate, s(?).

The outcome from this stage of processing is suitable for many applications of the ice profile
data.

viil. Interpolation to Regular Spatial Increments
For the preparation of statistical summaries of ice draft data, such as draft distributions, spatial

spectra and spatial auto-correlation functions, it is necessary to interpolate ice draft to regular
increments in the curvilinear coordinate s(?).
_ For the ISC90 IPS2 data, a linear interpolation function, working with a minimum of 2 points

within a window of 1 m minimum length, was used. Since the average ice speed over the record
and the TPS2 sample interval were 7.9 cm/s and 15 s, respectively, interpolation of ice draft, time
and (x,y) coordinates of the path at intervals of 1 m was a reasonable compromise between the
close spacing of data where drift speed was low and the wide (3-4 m) spacing where drift speed
was high.
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6. Observations

The IPS2 record of ice draft was acquired between 4 April and 31 May 1990. During this time,

the pack ice of the Beaufort Sea experienced four phases of movement:

*  an oscillatory northwest-southeast motion between 4 April and 16 May, during which the

first 110 km of ice were surveyed.
. a rapid westerly movement between 16 and 28 May, during which 175 km of ice (110 km <

s <285 km) were surveyed.

. a more leisurely southward movement between 28 and 30 May, during which 40 km of ice

(285 km < 5 <325 km) were surveyed.

. a rapid westward movement which moved the ice edge past the mooring on 31 May (the

final 23 km of the record).

Figures 14-18 include maps which display for specific dates the position of the survey line
explored by IPS2 during the deployment at ISCO0 2A. Annotation on the track is the curvilinear
path coordinate, s, in kilometres. Beneath the maps are AVHRR satellite scenes of the Beaufort
Sea ice cover, on the same scale and map projection. Figure 19 is the satellite view on 12 June -
1990, when only scattered ice was present over the sonars. The projection of maps and satellite

views is conical, tangent at 72°N, with the central meridian at 133° 30' W.

In the Appendix, the entire IPS2 record of ice draft is displayed as a function of the curvilinear
coordinate, s. The scales are distorted such that the draft is amplified by a factor of 27 relative to

the horizontal coordinate.

Table 7: Details of the AVHRR satellite views
available for the deployment period

Date Time (gmt) Day of 1990
24 April 1990 20:52 114.8694
11 May 1990 21:20 131.8889
23 May 1990 20:49 143.8674
26 May 1990 20:06 146.8375
31 May 1990 20:52 151.8694
12 June 1990 - 20:20 163.8472
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e ARTRE

on at 2052 GMT on 24 April 1990 of the survey line explored by IPS2 during

~the course of the deployment (1op), and the simultaneous AVHRR satellite view gf the ice-cover "

(bottom). Both frames are mapped in a comical projection with a centre meridian al 133°30' W,
and tangent at 72 °N. Annotation on the track is the curvilinear path coordinate, s.
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Figure 15: Position at 2120 GMT on 11 May 1990 of the survey line explored by IPS2 during
the course of the deployment (top), and the simulianeous AVHRR satellite view of the ice cover
(bottom). Both frames are mapped in a conical projection with a centre meridian at 133°30' W,
and tangent at 72°N. Annotation on the track is the curvilinear path coordinate, s. '
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Figure 16: Position at 2049 GMT on 23 May 1990 of the survey line explored by IPS2 during
the course of the deployment (top), and the simulianeous AVHRR satellite view of the ice cover

' (bottom). Both frames are mapped in a conical projection with a centre meridian at 1 33°30 W
and tangent at 72 °N. Annotation on the track is the curvilinear path coordinate, s.
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Figure 17: Position at 2006 GMT on 26 May 1990 of the survey line explored by IPS2 during
the course of the deployment (top), and the simultaneous AVHRR satellite view of the ice cover

(bottom). Both frames are mapped in a conical projection with a centre meridian at 133°30' W,
and tangent at 72 °N. Annotation on the track is the curvilinear path coordinate, s.
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Figure 18: Position at 2052 GMT on 31 May 1990 of the survey line explored by IPS2 during

 the course of the deployment (top), and the simultaneous AVHRR satellite view of the ice cover
(bottom) Both frames are mapped in a conical projection with a centre meridian at 133 ° 30’ W

and tangent at 72 °N. Annotation on the track is the curvilinear path coordinate, s.
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" not been contoured?.

7. Statistical Summaries

a. Ice Movement

Statistics of ice movement are presented in Tables 8 and 9 for the two sites separately, although
apparent differences between sites may not be statistically significant. The confidence limits on the
means are computed from the observed variance in speed and the estimated number of degress of
freedom. The number of degrees of freedom equals the ratio -of the length of the time series to its
integral time scale. This time scale in turn is the asymptotic result of integrating the autocorrelation
function of ice speed over lag time (see Table 8). Drift speeds are highly variable: the standard
deviation exceeds the mean in all cases. Most rapid drift occurs in the stormy months of autumn
and early winter. Speeds as high as 1 m s~! were observed. Motions of the ice cover are least
energetic in the mid-winter months.

Probability density functions of ice speed are shown in Figures 20 and 21. Figure 20 displays
variations with season at Site 2. During all seasons, the ice pack was frequently stationary. In the
mid-winter (January-March), the ice was in motion only 40% of the time, and even during the -
September-December period, there was no significant movement almost 20% of the time. Speeds
greater than 40 cm s™! were observed only during freeze-up. Figure 21 compares the conditions at
the two sites averaged over the 3 seasons for which data were obtained. Presumably because the
meteorological forcing is very similar at the two sites, so are the probability density functigns of ice
speed. The observations of the highest speeds (an early-winter occurrence) at Site 1 is probé}j]y an
indication that oceanic stratification is stronger and ice thinner at Site 1 than at Site 2 at this time of
year.
Figure 22 is a contour plot of the probability density function derived from the observations of
ice velocity from both sites combined. The huge peak at speeds less than 4 cm s has, for clanty,
The approximately -east-west orientation of the variance ellipse is clear.
There is also an indication of two lobes of probability extending to the west, one to the west-
southwest parallel to the orientation of the coastline in this area, and one to the west-northwest

which roughly parallels the coast of Alaska.

b. Ice Draffc

Statistics of ice draft are available only from the more northerly site, near the edge of the conti-
nental shelf, and only for the months of April and May. It can be seen from the survey line plotted
in Figure 14 that the first 110 km of observations were obtained over a folded path within a
relatively small area. Later in May, westerly drift moved ice over the sonar from an area east of the -
mooring site, and therefore closer to the edge of the landfast ice. At the same time, leads opened in
the ice cover, thereby lowering its compactness and average thickness.

The mean drafts of ice over 40 km sections of the 348 km survey line are plotted in Figure 23.
The error bars depict, parallel to the track axis, the spatial domain of the mean, and parallel to the
draft axis, the estimated uncertainty in the mean, based on the standard deviation of ice draft and
the number of degrees of freedom within the 40 km section. Over the first 120 km of the track,

where observations were concentrated in a small area, the three independent estimates of mean :

2This peak contains 47% of the variance in ice drift velocity. -
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Table 8: Ice Speed Statistics (Seasonal Breakdown)

Time Scale

Site 1 Mean Stnd Dev Maximum Duration

ADCP-179 cm s™ cm s’ cm s’ days days
Apr - May '90 46412 6.4 33 514 0.8
Oct - Dec '90 15352 18.1 99 71.6 3.0
Jan - Mar '91 30£1.0 7.5 47 70.9 0.6
Site 2 Mean Stnd Dev Maximum Duration Time Scale
ADCP-318 cm s~ cm s? cm s’ days days
.Apr - May '90 79+29 8.6 41 , 564 3.1
Sep - Dec '90 13.6+4.1 14.8 75 72.2 2.9
Jan - Mar '91 48+1.1 7.9 41 71.9 0.7

draft agree within estimates of sampling error. The plotted diamonds show the values of mean
draft calculated when open water and nilas are ignored (only draft values greater than 0.125 m were
-used). From the differences between the two estimates of the mean, it is evident that on the early
part of the track, and on the track section immediately preceding the passage of the ice edge over
" the mooring, very little open water or new ice was present. In the first case this is because there
was insufficient movement in the ice cover to generate leads. In the second case the margin of the
ice field had been consolidated by the action of wind and waves on the upwind flaw lead, seen
clearly in the satellite views of Figure 18. The inset plot illustrates that the standard deviation of ice
draft increases in proportion to the mean draft. :
The number of degrees of freedom within a 40 km section is derived from the autocorrelation
function of ice draft. The autocorrelation function computed from this set of observations is
displayed in Figure 24. The function is cusped at zero lag, drops rapidly over the first 250 m, and
thereafter maintains a value near 0.1. The long tail in the autocorrelation function 1s a reflection of
the regional scale of level seasonal ice in this area. The integral of the function, also plotted, is-a
measure of the distance over which draft values are correlated. The integral increases to a value of
75 m at 300 m lag, but fails to converge beyond this point because the autocorrelation function

Table 9: Ice Velocity Statistics (Seasonal Breakdown)

Site 1 Mean OMajor OMinor Bearing of
ADCP-179 cm s cm s’ cm s’ Major Axis
Apr - May '90 1.8 along 277° 7.1 3.0 107°
Oct - Dec '90 5.8 along 261° 20.1 11.2 89°
Jan - Mar '91 1.6 along 253° 7.7 3.1 101°
Site 2 Mean Omajor OMinor Bearing of
ADCP-318 cms™ cms” cm s™ Major Axis
Apr - May '90 4.5 along 259° 0.1 5.8 98°
Oct - Dec '90 6.5 along 249° 16.1 10.1 85°
Jan - Mar '91 1.5 along 224° 8.3 3.9 102°
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remains positive. For the purpose of estimating sampling uncertainties, the decorrelation scale has
been assumed to equal the integral scale at a Jag of 300 m, where the autocorrelation function levels
off. This is an accurate reflection of the decorrelation scale of deformational features such as ridges
and leads. Thus, within the 40 km sections of ice used for analysis it is estimated that there are
40,000/75, or 533 degrees of freedom.

Disregarding the open water and new ice, the overall mean draft of ice was 3.15£0.04 m. From
Figure 25, which depicts the low-draft portion of the probability density function of ice draft, it is
seen that this mean value is twice the 1.55 m draft of the most common ice along the survey path.
Three separate statistics are plotted in this figure: the higher curve is computed from the entire 348
km survey by sonar; the lower curve is computed only for those sections of the survey which were
classified as level®; the superimposed histogram is based on 34 draft values measured directly by
augering first-year ice in late March. Comparison of the solid and dashed curves in Figure 25
indicates that 90% of the ice with draft between 1.15 and 1.875 m was level by the definition
adopted. This ice forms the peak of the function and belongs to the first-year ice category. The
fact that only about 30% of the thin ice (draft between 0.25 and 1.00 m) was level is an indication
of the susceptibility of ice in this category to widespread deformation on small (<10 m) scales. On
the other side of the peak, approximately 25% of the ice with draft up to 3 m was level. Four
augered holes yielding drafts in the 2-3 m range confirm that this percentage is associated with
rafting of ice from the predominant first-year ice category. Two holes which were augered in
multi-year floes indicate that multi-year ice (not necessarily level) also makes a contribution over
this range of draft. Where draft exceeded 3 m, almost all ice was heavily deformed and irregular in
topography.

At the low end of the draft probability densxty function are found the open-water, young-ice and
first-year ice categories. These are the components of the ice field which vary most dramatically on
short time scales, in response to the opening and freezing of leads. For each of the 40 km sections
of the survey, the fractions of open-water/nilas (draft < 12.5 cm), young/thin first-year ice (12.5 <
draft < 112.5 cm) and medium/thick first-year ice (112.5 < draft < 187.5 cm) were calculated by
integrating the probability density function of draft between the appropriate limits. The results are
displayed in Figure 26. The coverage of thick first-year ice as a fraction of the area of the ice alone
(that is the area which excludes recently formed open water and nilas) is plotted using symbols.
For the first 80 km, surveyed between April 5 and May 9, there was almost no open water/nilas and
very little young/thin first-year ice. Less than 40% of the ice field was undeformed medium/thick
first-year-ice. Over the next 10 days (80-120 km), the ice cover diverged to create a 2% coverage
of new leads. In the next two sections (120-200 km), the fraction of deformed ice increased.
Between 160 and 200 km, 70% of the ice was deformed and only 26% was in the medium/thick
~ first-year ice category. For this reason this section has the largest average draft (3.92 m).
Subsequent sections, acquired while the ice was undergoing rapid westward drift over 23-30 May,
had larger fractions of open-water/nilas (up to 30%) and smaller fractions of deformed ice. These
changes reflect the fact that the survey path crossed from an area of 7/10 multi-year ice to an area
of predominantly first-year ice (Weekly Composite Charts, Ice Centre Environment Canada). It is
noted, however, that the sonar record consistently identifies the presence of a greater fraction of
first-year ice (3/10-7/10) than indicated in the ice chart based on aircraft and satellite surveillance.

The horizontal extent of level sections of sea ice is equivalent to the distance which separates

3 A section of the profile was classified as level if its draft varied.by less than +0.25 m and its length was 10 m or
greater. '
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deformational features. Using level ice indentified through application of the definition quoted
above, a probability density function for the extent of level areas was calculated (Figure 27). Note
that leads are included as level ice of zero thickness, but that level ice in sections smaller than 10 m
is not. The data match a truncated log-normal probability function with a 2.5 m median and a 10.9
m mean. The function is truncated at the 10 m cut-off of the level-ice discriminator. The fit
provides an estimate of 20% for the fraction of all level-ice fragments which are of a dimension
greater than the cut-off and therefore seen. Thus, if it is assumed valid to extrapolate the log-
normal function to block sizes below the cut-off, about 80% of the level-ice fragments have not
been detected by the level-ice criterion. These are the smaller fragments resulting from ice failure
which have been tilted and piled into ice ridges.

Figure 28 displays the fraction of the ice cover which is level over distances greater than the
abscissa value. Overall, 53% of the ice cover (including open water) is level over distances of 10 m
or more. However, only 20% is level over distances exceeding 100 m!

Mean properties of the level component of the ice field are summarized in Table 10.

Table 10; Mean Draft of Areas of Level Ice

Mean Draft Standard Deviation
All Level Ice 1.47m 0.82m
Level ice, excluding leads and nilas 1.73m . - 0.59m
Leve] ice, excluding leads, nilas and rafted areas 155m 031m

The probability function of draft for the deformed portion of the ice field is displayed most
effectively against log-linear axes (Figure 29). In this figure, symbols with error bars delineate the
probability function for the entire record. Uncertainty has been computed using the equation,

o= |P(1-P)
~ n

where p is the value of the function and 7 is the number of degrees of freedom given by the total
path divided by the integral scale (7.e. 348409/75=4646). The solid curve is the function for the 40-
km section of greatest average thickness, between 160 and 200 km along the path, and the dashed
curve is that for that of least average thickness (280-320 km). The probability density function for
level ice is overlaid to show the rapid fall-off of this function with draft increasing above 2 m.

For draft exceeding 3.5 m, the probability density function, f{d), can be represented within
sampling uncertainty by the exponential function (straight line on this plot):

f(d)=0.258 ¢™3%

The same function fits over the 2.5-25 m range'in draft, if the contribution from level ice in this
draft range (the light solid line) is subtracted from the overall draft probability density function®. It
appears that different sections of the path can be fit by exponential functions having the same roll-
off but different amplitudes. The e-folding scale is 3.06 m. The amplitude varies by a factor of 3
between the upper and lower curves plotted, reflecting a difference of the same magnitude in the
proportion of ridged ice in these 40-km sections. Integrating the exponential function over draft,
one obtains the result that 35% of the ice surface is occupied by rough ice of 2.5 m draft or greater.
The remainder is occupied by level ice and leads (53%) and by rough ice of less than 2.5 m draft
(about 13%). Integration over the deep-draft part of the domain reveals that only about 0.1% of

4The result of this subtraction is plotted using open circles in the figure.
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the ice surface is occupied by ridged ice of 20 m draft or greater.

The finite decorrelation scale for ice draft (Figure 24) implies that similar values of ice draft are
clustered. Thus, the recurrence distance between identifiable features reaching a particular draft
will be much larger than the recurrence distance for that draft. Features of deep draft in this data
set were identified using two different criteria. The first is the familiar Rayleigh criterion, used
initally by WILLIAMS ef a/. (1975). By this criterion, a local maximum in draft is identified as a keel
if it is bounded on both sides by ice whose draft beyond a reference level is less than half that of the
maximum. The reference draft for keels in this application of the Rayleigh criterion was taken to be
2 m. Under the second criterion, a keel is identified if it is flanked on both sides by level ice as
defined earlier. No choice of reference datum is required under the second criterion. The
frequencies of keels identified by the two different criteria are plotted as a function of draft in
Figure 30. Both criteria yield counts which are well fitted by exponential functions over a portion
of their domain. For keels with draft of 20 m and more, the counts by both criteria are in
agreement. However, as draft decreases towards 5 m the Rayleigh criterion identifies progressively
more features than the level-ice criterion. For draft below 5 m, the Rayleigh criterion is not an
effective discriminator, missing many features found by the level-ice criterion. Table 11

summarizes properties of the two keel populations. -
Table 11: Summary of Keels Selections by the Rayleigh Criterion
Selected by the Rayleigh Criterion
Minimum Keel Draft (m) 9 5 3 0.5 -
No of Keels 551 1541 1910 -
Keels per km 1.58 4.42 5.48 -
Mean Keel Draft (m) 12.35 8.81 7.92 -
Selected by the Level-Ice C‘riterion
Minimum Keel Draft (m) 9 5 3 0.5
No of Keels 387 1071 1729 2329
_|Keels per km 1.11 3.07 4.96 6.68
Mean Keel Draft (m) , 12.87 8.97 7.04 5.81

Pressure ridges are just one of several types of features which delimit level ice. Thus, the
number of keels selected by the level-ice criterion is less than the number of sections of level ice
identified. Level ice may also be delimited by steps, slopes and cracks. A step is an abrupt change
in draft between one level section and another; such may occur at the edge of a refrozen lead. A
slope is a more gradual but steady transition in draft; it may occur on the downwind side of a lead
where a wedge of frazil ice has been driven by wind and waves. A crack is a section of locally
reduced draft which could be either rough, or level if less than 10 m in width. Table 12 summarizes
the occurrence frequency of features of each type. .

The occurrence of very deep keels in this area may be predicted from the data set by
extrapolation of the fitted functions plotted in Figure 30. The frequency function for Rayleigh-

delimited keels is,
f(d)=5.97 ¢

and that for level-ice-delimited keels is, ,
f(d)=2.95 ™%
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Recurrence distances are obtained simply by integration of these functions. Recurrence intervals
are obtained by dividing the distances by the mean speed of ice motion over the observation period.
Both distance and interval estimates are subject to cautionary remarks concerning the short
duration of the data set, and its relevance to the late winter conditions only. In this area of the
Arctic Ocean, where ice is absent or light for 3-5 months of the year, true recurrence intervals are
likely longer, Table 13 summarizes the estimates. Note that the level-ice criterion predicts much
shorter recurrence intervals for deep keels than does the Rayleigh criterion, The validity of these
predictions is tentative until the frequency of rare deep keels in this area can be better established
observationally.

Table 12: Incidence of Features Separating Sections of Level Ice

No of Features is 4181 Frequency of Occurrence
Ridges 55.9%
Steps 25.0 %
Slopes 10.2 %
Cracks 8.8 %

Over the 348.4 km of ice profile from these observations, twenty-one features with draft
exceeding 20 m, including two with draft exceeding 25 m, were detected. The maximum draft was
just under 27 m. Cross-sections of these features, without coordinate distortion, are illustrated in
Figure 31. It is clear that it is not possible to represent all these features by a single simple
geometrical form. There is no typical shape which characterizes ridge keels.

Table 13: Predictions of the Recurrence of Deep Ice Keels

: Rayleigh Criterion Level-Ice Criterion
Keel Draft (m) Distance (km) Interval " Distance (km) Interval
20 16 2.3 days 16 2.3 davs
25 67 10 days 58 9 days
30 282 41 days 213 31 days’
35 1197 5.7 months 781 3.7 months
40 5078 24.0 months 2863 13.5 months

c. Ice Thickness

How can one derive mean ice thickness from the draft data presented? Ideally, one applies
Archimedes' Principle to relate the submerged volume of ice, represented by the mean drafi, d, to
the overall volume (f is mean freeboard), with allowance for the presence of a snow layer of mean
thickness, s. Material densities are represented by p:

pPyd=p @d+f)+ps
Although, over a long track it is correct to assume (as done here) that the ice is in overall isostatic
equilibrium, there are other complications. Level ice and multi-year ice contain no voids on a
macroscale, and their bulk densities are reasonably well known (900-920 kg m-3). However,
because new pressure ridges are piles of ice blocks which may enclose a significant volume of ice-
free voids, the bulk density of ridge keels is higher than the density of sea ice, p;, and the bulk
density of ridge sails is lower. Equivalently, the draft and freeboard of ridges, if compressed to
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solid sea ice, are less than the envelopes of draft and freeboard defined by their component blocks.
Work by VEITCH et al. (1991) indicates that voids can occupy as much as 30% of first-year ridges.
If it is assumed that the ratio of the void fractions within the draft and freeboard envelopes of first-
year ridges is approximately one (MELLING er al. 1993), an envelope thickness, 7z, can be
calculated which is approximately independent of the void fraction:
=d+f+s, = Pu g4
Pi

The left side includes snow converted to an equivalent thickness of sea ice, s,. When calculating
the volume of ice (considered broadly as sea ice plus snow ice), however, the void fraction, v,
cannot be ignored. The equation above is modified to compute a thickness based on ice volume ,

Iy, as follows:
~ (1-v) (d+ f)+s, ~ (1-D) % d

When computing values averaged over distances which contain many ice features, deformed first-
year ice, because of its high void fraction, should be considered separately from level and multi-year
ice forms. Unfortunately, it is not possible at this time to use ice-profile data to discriminate
between first-year and multi-year deformational features. Thus the fraction of the deformed ice
observed in the present survey which is consolidated is not known. Thus only lower and upper
bounds for the thickness representing ice volume can be derived. The lower bound is derived by
assuming that all deformed ice is recently built and has a significant void fraction. The upper
bound, based on the assumption that all deformed ice is old and contains no voids, is-the same as

the envelope thickness. Results of the calculations are listed in Table 14.

Table 14: Estimates of the Mean Thickness of Ice on the Profile

Entire Ice Profile ' Profile, excluding Leads & Nilas
- Level Ice Deformed Ice All Ice Level Ice Deformed Ice All Ice
Fraction of Profile 53.58% 46.42% 100% . 49.70% 50.30% 100%6
Mean Draft 147 m 4.55m 290m 1.73m 4.55m 3.15m
‘Volume Thickness 1.67m 4.15m 2.82m 1.97m 4.15m 3.06 m
Envelope Thickness 1.67Tm 5.18m 3.30m 1.97m 5.18m 3.59m
_lAssumptians: ] Water Density: 1025 kg/'m"j'—, Ice Density: . 900 kg/m*3 ' Void Fraction: 20%

As indicated in the table, the amount of ice present might possibly be as little as 2.8 m (2520 kg
m2), if 20% of the volume of all deformation features is void space. However, since ice
teconnaissance charts from the Ice Centre of Environment Canada indicate a substantial presence of
multi-year ice over most of the survey path at this time, the actual amount of ice present is probably

closer to the envelope value of 3.3 m (2970 kg m-2)
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Figure 27: Probability density function of the extent of sections of level ice which separate deformational
features. Open leads are included. The curve is an empirical fit using a truncated lognormal probability

Sfunction.
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Figure 31: Delailed cross-sections of the 21 keels observed to extend to a depth of 20 m or greater. Since the horizontal and vertical scales

are equal, the features are displayed without distortion.
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Figure 31 (continued): Detailed cross-sections of keels displayed without distortion.
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Appendix: Continuous Record of Sea Ice Draft

The topographic profiles of the underside of sea ice which are depicted on the following pages
were acquired at Site ISC90_2A between 4 April and 31 May 1990.

The vertical scale of the plots is exaggerated by a factor of 27.

A trace approximating the elevation of the ice surface is plotted for artistic effect only, and has no
physical reality. The elevation has been set equal to 1/5 of the draft.
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