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Executive Summary

The Arctic Ocean with its sea ice cover has received attention recently for
two reasons: (i) the global oceanic conveyor belt is believed to be primarily forced
in high latitudes near the sea ice margins, and (ii) the highest response to global
warming in C0 2 sensitivity experiments with coupled climate models is found in the
Arctic. The investigation of a possible decline of the Arctic sea ice cover is difficult
because of the poor thickness data of sea ice in polar regions.
In order to assess the present status and to plan for future improvements
the workshop brought together scientists and managers to present and discuss
recent research related to sea ice thickness observations and models. The
participants discussed (i) the present observationally based understanding of sea
ice thickness, (ii) outstanding scientific questions regarding the observation and
modelling of sea ice thickness, (iii) the role of ULS and submarine ice draft data,
(iv) an ice thickness monitoring strategy for the coming years, (v) special purpose
observational programmes, and (vi) simulation results from sea ice and coupled
sea ice - ocean models.
The ACSYS Sea Ice/Ocean Modelling Panel met jointly with the Ice
Thickness Workshop to ensure that the modelling community has the opportunity
to express their requirements and offer their insights to optimise future
observational programmes. The recommendations from both groups were mainly
concerned with the release and the analysis of existing submarine data and the
generation of long-term data sets with wide spatial coverage to improve the
detection of climate signals within the sea ice cover.

.

(vi)

Principal Recommendations

1.
Sea ice thickness data collected digitally should be processed with high priority, and
both spatially interpolated profile draft data and statistics should be released to archival sites
(NSIDC) as soon as possible. lt is understood that initially only the data in the Gore box or
that collected on SCICEX cruises can be released.
2.
The ice draft data collected by UK submarines should be included in the database
since it covers primarily from the North Pole through the Fram Strait into the Greenland Sea.
This important part of the Eurasian Arctic is outside the Gore and SCICEX boxes.
3.
A limited feasibility study should be conducted for processing analog roll data. Given
that more than half the total data was collected exclusively on analog paper rolls, it is
extremely desirable to process at least some of this data to fill spatial and temporal gaps in
the digital data set.
4.
ACSYS should recommend to the US Navy to (i) enlarge the Gore box to the
SCICEX box for all non-SCICEX data, and (ii) release data in the Fram Strait, the East
Siberian Sea, and adjacent Canadian Archipelago.
5.
are:

Concerning "Needed Observational and Analytical Projects", the top ACSYS priorities

(i)

Transport of ice through the Fram Strait and the Canadian Archipelago

(ii)

Thick ice observations for improving knowledge and parameterisation of ice
mechanics

(iii)

Evolution of ridged ice including ridging, internal consolidation, and ablation

(iv)

Thin ice on shelves

(v)

Historical data in a digital data base, and (vi) Ice draft error analysis.

6.
Concerning "New Technology", the top ACSYS priorities are: (i) Sonar and Signal
Processing Development, (ii) Evaluation of topside techniques, and (iii) Topside/bottomside
correlation.
7.
A validation of sea ice and coupled climate models requires long time series and a
reasonable spatial coverage to estimate the pattern of sea ice thickness and its evolution in
time (mean and variability). Since in models most of the sea ice variability occurs near the
coasts an extension of the release area is of high priority.
8.
Strong emphasis should be placed on new satellite sensors which provide reliable
global scale sea ice thickness measurements at frequent intervals.
'
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Reports of the ad-hoc working groups
established by the ACSYS workshop
on the Sea Ice Thickness Measurements
and Data Analyses
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Working Group 1:

Data Management and Basic Statistics of Ice Thickness
Chairman: W. Tucker
The working group addressed two sources of data, both acoustic techniques:
submarine ice draft data and draft data obtained by moored upward looking sonars. Other
remote sensing techniques appear to have developed to the point where they may be able to
provide reasonably accurate measurements of ice thickness. However, the data collected
thus far has been in the research mode, and there is simply too little data to infer useful ice
thickness statistics even in selected regions.
The working group spent the majority of its time dealing with the submarine data
issue, as a workshop had been held in Oslo in 1994 which addressed the processing and
archival of moored ULS data. The recommendations of that workshop, plus issues that arose
regarding that data are included in the section covering ULS data below.
Submarine Ice Draft Data

Recommendations:
•

Data collected digitally should be processed and both spatially interpolated profile draft
data and statistics should be released to archival sites (NSIDC) as soon as possible. lt is
understood that initially only the data in the Gore box or that collected on SCICEX
cruises can be released.

Profile Data:

Segments of ice drafts at least 50 km in length interpolated to nominal 1 m
spacing
Highest positional accuracy and date information for the segments that the
Navy will allow
Guidelines suggest nearest 5 minutes of latitude and longitude for reference
positions and nearest one-third of the month
For segments less than 50 km, connect very near segments or fill the file with
dummy variables to 50 km
Information on quality of data (depth of submarine, noisy, comment on speed,
etc.)
Header file with positions, data spacing, quality of data, and information on
whether sections were joined or dummy filled.

Statistics on 50 km Sections:

Basic statistics- mean, sigma, rms, etc.
PDF's of ice draft
Tabulations of keels, leads/thin ice, level ice
PDF's of keel depth, spacing; lead width, spacing; and level ice depth, width, spacing
PDF's of drafts contained in deformed ice
PDF's of drafts contained in undeformed ice
Autocorrelation of the section.
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•

The ice draft data collected by UK submarines should be included in the database since
it covers primarily from the North Pole through the Fram Strait into the Greenland Sea.
This important part of the Eurasian Arctic is outside the Gore and SCICEX boxes.
Products should be the same as those specified above, thus similar processing
procedures should be followed.
As a check on data quality and compatibility, statistics of profiles collected by UK
and US submarines should be compared in cases where they were closely
located.

• Conduct a limited feasibility study for processing analog roll data. Given that more than
half the total data was collected exclusively on analog paper rolls, it is extremely desirable
to process at least some of this data to fill spatial and temporal gaps in the digital data
set. lt is worthwhile to examine the application of new technology (e.g. image scanning) in
processing this data.
• Have ACSYS recommend to the US Navy to enlarge the release area:
Enlarge the Gore box to the SCICEX box for all non-SCICEX data, and
Release data in the Fram Strait, the East Siberian Sea, and adjacent Canadian
Archipelago (This may be assisted by the endorsement of neighbouring nations
which ACSYS should seek.)
Other Issues:
- Minor details about the statistics need to be resolved - keel definition, lead
definition, etc.
- Definitions of deformed and undeformed ice - level ice or ice deeper than some
minimum?
- Should we build a data base or bibliography of drill hole data? ridge profile data?
aerial photos? airborne laser data?
- Other statistical methods may produce more information than conventional
statistics- these should be explored.
Upward Looking Sonar

Upward looking sonar data were discussed only briefly in the working group. The
recommendations of the June 1994 workshop at the Norwegian Polar Institute (NPI) were
presented. That workshop included the major players in ULS with exception of the
Canadians. At the current workshop the issues regarding data quality and errors were briefly
discussed. The issue of time vs. space series of ULS data was raised at the workshop and
has generated considerable discussion and recommendations.
Recommendations of the NPI 1994 Workshop:
• A general recommendation from the NPI workshop was that data files should contain a
complete time series of ice drafts for a given ULS location and statistics of those drafts in
seven day intervals.

..
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Time Series Data:
Time, ice draft, pressure, temperature, flag (flag indicates whether the point is ice,
open water or unknown)
Header file with ULS position, start and end times, log rate, instrument type and
serial number, responsible agency and description of processing algorithm
(processing algorithm indicates how offset corrections are applied, including
footprint correction).

Statistics for seven-day periods:
-

Mean draft including open water
Mean draft excluding open water
Mode with a bin size of 0.1 m
Variance of ice draft, excluding open water
The percent of ice cover
Percentage of unknown ice (see flag above)
Header file (see above).

• Encourage research into echo parameters which alone or in combination, might facilitate
distinguishing between ice and open water. Amplitude is an obvious starting point.
• Investigate the utility of a second, higher frequency for identification of the air-water
interface (The feasibility of this technique has been questioned by participants of the
workshop).
Recommendations Generated by the Working Group
• Establish a working group to look into measures of data quality, including error bars on
the statistical data.
• ULS measurements of ice draft should be converted to a spatial series whenever
possible, with statistical measures computed in the spatial co-ordinate system to make
them more comparable to models and submarine ice draft observations. Simple equalinterval time series of ice draft can give poor estimates of other statistical measures of
thickness distribution (Melling, this volume) because they may be strongly biased by ice
that moves slowly or becomes immobile over the sonar. The ice velocities used to convert
the time series to a spatial series can be obtained from doppler sonar, estimated from
winds, currents, buoy drifts, or model predictions. lt is imperative that the method used to
derive ice velocities be described in the header information .

•
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Working Group 11:

New Scientific Directions and New Observational Requirements

Chairman: A. Rothrock
Background
There are two technologies for making extensive observations of ice thickness:
upward-looking acoustic soundings of ice draft from beneath the ice,
and
various electromagnetic measurements of the ice surface
penetrating to various degrees into the ice from above.
The former are provided most commonly from moorings and submarines, but an
emerging technology is autonomous underwater vehicles (AUVs). Moorings have an
upward-looking sonar (ULS) and in some cases an acoustic Doppler current profiler (ACDP)
which provides not only current data but also ice drift data, which help in analysing the ice
draft data. A wealth of ULS data has been collected at many sites over the past decades. US
submarines have a Digital Ice Profiling System (DIPS), and before about 1986 collected draft
data on analog charts. All of these data have great value for the study of ice thickness and
interdecadal climate variability; declassification and release of these data is a complicated
issue, but of great scientific priority. Approval to release statistics of many of these data has
been obtained for an area in the central Arctic Ocean, known as the "Gore-Chernomyrdin
box." A series of scientific submarine missions is being undertaken from 1993 to 1999 under
the name of SCICEX. The SCICEX data release box is roughly twice the area of the GoreChernomyrdin box, but still restricted to avoid non-US Exclusive Economic Zones, and
continental shelves, leaving many important areas without publicly available observations.
British submarines have undertaken a number of missions in the region between the North
Pole and the Greenland Sea, which is an important complement to the Gore box and the
SCICEX box.
As the frequency of Arctic missions by US and UK submarines declines and with the
continuation of the SCICEX programme being uncertain, the need increases for obtaining
large-scale ice thickness observations from other platforms. AUV's can carry a ULS but
presently have a rather modest range of several kilometres. With an extended range, these
vehicles could become a major contributor to Arctic ice observations.
The electromagnetic sensors include a low-frequency (1-100 kHz) induction sensor
that records the induced field generated by eddy currents in the water under the ice, giving a
range to the lower ice surface. For sea ice the applicability is based on the fact the sea ice
is a poor conductor when compared to saline sea water. For a reliable measurement, the
conductivities of the water and ice have to be known. In order to get the thickness the
elevation of the EM sensor has to be determined, e.g. by a laser or radar profilometer. The
measurement result can be interpreted as weighted thickness average for a certain footprint.
The depth of penetration and the measurement footprint both increase with the distance of
separation of the transmitting and receiving coils of the instrument.
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Developed primarily at CRREL through a Canadian contractor, three kinds of systems
have been tried for ice:
a small portable instrument carried along ice surface or mounted on a boom off a
ship (Alfred Wegener Institute for Polar and Marine Research, Bremenhaven,
Germany)
a helicopter borne instrument operated by the Canadian Coast Guard
a fixed wing aircraft with coils permanently mounted to the wing tips, operated by
the Geological Survey of Finland.
The fixed wing system is able to penetrate 70 m ice and can be operated 8 hours at
120 knots without refueling. Since the New Carrollton ice thickness workshop six years ago,
these sensors have moved from the development stage to the survey stage and seem
poised to make a substantial contribution to the ice thickness observational database. The
topside measurements involve observing the snow surface by a laser altimeter or the
snow/ice interface by a radar altimeter. These data can provide surface roughness and snow
depths from which it may be possible to deduce freeboard and in turn ice thickness. The
platform is usually a fixed-wing aircraft. The Canadian Coast Guard is testing the radar
altimeter as a snow depth sensor as part of their helicopter-towed sensor. The three issues
that need further work in utilising such data are: knowing the height of the water surface
(relative to the ice or snow surface measurement), knowing how to relate freeboard to ice
thickness or mass, and filtering the platform altitude variation from the data. We did not
review the capability of satellite imagers in the microwave, visible or infrared portions of the
spectrum to provide ice thickness information, although the availability of wide swath SARs
on RADARSAT and the upcoming Envisat (launch in 1999) were noted, as was ESA's
planning for a possible satellite laser or high resolution radar altimeter that would profile the
Earth's surface up to 82°N. We divide our recommendations and comments into two
categories: Needed Observational and Analytical Projects, and New Techniques and
Technology. We conclude with a list of priorities for ACSYS.
Recommendations
Needed Observational and Analytical Projects:
Ice Transport through the Fram Strait

A multi-decadal record of ice thickness in the Fram Strait is of extremely high priority.
We recommend that a program of observing ice thickness from ULS moorings be
implemented and maintained for at least a decade. There should be several moorings
spread out across the strait to observe the variation in ice thickness across the Fram Strait.
We further recommend that the Fram Strait region be the highest priority focus of effort to
obtain release and public archiving of existing submarine data.
Ice Transport through the Canadian Archipelago

Modelers have until very recently ignored ice and water
Canadian Archipelago, yet some results show them to be by
components of the Arctic freshwater balance. We recommend that
to assess the mean and interannual variability of these two fluxes.
over the bow of the Louis as it transits the Northwest Passage
valuable.

transport through the
no means negligible
projects be undertaken
EM measurements from
in 1997 would be quite
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Arctic Basin and Wedde/1 Sea Observational Programmes
Although it is stretching our present capabilities, consideration should be given to
long term observations of ice thickness in these large regions by means of ULS moorings,
submarine cruises, and continual AUV missions. We recommend that a serious attempt be
made to define the objectives of and outline such an observational programme and estimate
its cost. Our rough figures are about US$ 75K for the cost of a mooring ULS profiler and
Doppler tracker, and from $35K to 10 or 20 times this much for the annual operating costs,
depending on accessibility.
Thick Ice Amount
Data of the thickest ice in the Arctic Ocean would help resolve model issues of how
much ridging occurs and of the mechanical strength of the ice cover. We recommend that
ice thickness data be obtained from the areas north of Greenland and the Queen Elizabeth
Islands; both new ULS moorings and new or historical submarine ice draft data as well as
possible surface data by fixed-wing or helicopter-borne EM/laser/Radar sensors would be
useful.
Thick Ice Production and Ablation
The least tested part of the thickness distribution theory describes ridging. There is a
need to find rather simple situations rather than "fully developed" thickness distributions and
observe how ridging adds thick ice. Such cases might be found in seasonal ice zones such
as the Baltic, the Chukchi, or in the ULS records from the Weddell Sea. We recommend
attempts to find isolated instances of ridging in ULS and submarine data records, and
analyse them in terms of the ridging and ridge ablation processes. Similarly, situations in
which the thick end of the distribution rapidly erodes - such as in some UK submarine
observations in the Fram Strait - should be analysed fully.
Porosity
First-year ice ridges are porous, a fact ignored in ice models and in comparing
models to data. Porosity is an important unknown in the ice budget of the Arctic Ocean (at
the 10 to 20% level). Can EM sensors help resolve the porosity? EM locates the interfaces
between layers with different .conductivities. To get the ridges from EM, (1) the conductivity
of the keel must be known which is not trivial if the keel is porous, (2) the shape of the ridge
(keel depth/keel width ratio) must be assumed if the footprint is larger than the ridge (which
is generally the case if the device is able to sound through the ridge). EM does not provide a
simple way to measure the porosity itself. Further comparison between ULS and airborne
EM data is needed before their ice thickness histograms are put into a "public" data base.
We recommend field research that targets this aspect of deformed ice, in conjunction with
study of the evolution of unconsolidated ridges into fully consolidated multiyear features.
Thin Ice on Shelves and in Polynyas
Little is known about the ice thickness in seasonal ice areas, particularly on the
Siberian shelves. The interannual variations are thought to be high in the East Siberian Sea
and in the MacKenzie delta. We recommend co-operation with Russian scientists to release
~ubmarin~ ice_ draft data and to implant ULS moorings in Siberian shelf seas. As a corollary,
1ce format1on m polynyas can be estimated from satellite imagery, but an experiment with
ULS moorings to test such estimates would be valuable.
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Submarine Historical Ice Draft Data

Given the length of the record-some four decades-it cannot be over-emphasised how
useful these data would be. The imminent release of data from within the Gore-Chernomyrdin
box for some twenty recent years is to be applauded. The next useful step would be to authorise
the release of data from the same cruises from the larger SCICEX box. Another useful step
would be the release of data from the Fram Strait. Whatever the region, the release of data in
some analysed statistical form is far preferable to no data, and the release of profile data even if
somewhat inaccurate in time and space is better than no profile data. For many purposes, data
with positioning uncertainties of 1O's of kilometres and timing uncertainties of days are quite
satisfactory. We recommend continued support of the processing and analysis of these historical
submarine data. We also recommend the public archiving of British and if possible Russian
submarine ice draft data. We recommend that international co-operative arrangements be
pursued to allow ice thickness data to be obtained in a wider region. In particular, the data
release area for historical data should be extended to the SCICEX box. The Canadian Exclusive
Economic Zone contains a large storehouse of ice mass north of the Canadian Archipelago and
the Danish and Norwegian EEZs contain the choke point of the Fram Strait through which
continual and historical observations of ice flux are a high priority.
Features and Spatial Structure in Ice Profile Statistics

Sea ice has a complicated spatial structure, which can be described both with spatial
statistics such as an auto-correlation function and by statistics of features such as ridges, leads,
floes, and deformed and undeformed ice. Statistical ice thickness products being extracted from
profile data include ridge statistics. In cases where profile data are not released but statistical
summaries are, we recommend that statistics on leads, floes, ridges, and deformed and
undeformed ice be retained along with statistics about the distribution.
Observational Errors: Ice Draft Error Analysis

There are discussions of errors in submarine ULS data in several locations, including the
New Carrollton Ice Thickness Workshop Report. What these discussions lack is an error model
that assigns properties to the errors and that considers how they are reduced by various
processing or analysis steps. For instance, how does the use of the open water signal from the
manual data to "reset" the ice draft to zero affect the errors in the processed data. Which errors
are biases, which unbiased white noise? Some analysis of these issues would help pin down the
errors of the final ice draft data products. We recommend that a more exhaustive effort be made
to define, characterise, and resolve the sources of error and bias in ice draft measurements,
such that data from different submarines and from ULS can become truly compatible for
parameters such as mean draft. This might involve direct experimentation, e.g. two submarines
with different systems profiling the same ice, or asubmarine profiling at a ULS site, but much can
be done by careful statistical analysis and simulation work on the shapes of derived ice bottom
profiles, to determine the bias induced by beamwidth effects. A working group on error estimation
should be formed to define a protocol to assist in error estimation.
Observational Errors: lntercomparison of Ice Thickness Measurements

Opportunities to inter-compare the various methodologies for estima~ing ice thickne~s
have been few. We recommend such inter-comparisons be conducted at all s1tes of opportumty
and that a co-ordinated inter-comparison be conducted over a selected site roug_hly 1?O km ~n
diameter. EM measurements should be conducted by helicopter or fixed-wmg a1rcraft 1n
connection with ULS and submarine observations at the SHEBA site and over other ULS
moorings.
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Airborne Laser Observations

The AOL (Airborne Oceanographic Lidar) aboard the NASA P-3 is the best laser
profilometer currently available, in that it reliably detects an open sea surface and so gives
good measurements of freeboard. We recommend that it be used as much as possible to
obtain laser profiles of the ice surface which can be interpreted to yield thickness
distributions. As well as dedicated flight plans, it could also obtain data of opportunity during
transits to and from Greenland for its terrestrial profiling programme.
Topside I Bottomside Correlation

lt has been found that distributions of height of the snow surface (from a laser
profilometer) can be scaled to distributions of the draft of the underside, but the scaling
factor between the two seems to be variable. The problem is particularly acute for first-year
ice, for which snow drifts could cause a relatively large error in estimating rather small values
of ice draft. We recommend that further work be directed at finding robust relationships
between topside and bottomside statistics, so that topside observations can be used as a
reliable indicator of ice thickness. We emphasise that one must know the height above the
freeboard, not just the profile to within some unknown constant. For the Antarctic, and for
some parts of the Arctic where sufficient data are available, the "buoyancy ratio" required for
topside/bottomside comparisons, and its variability, can be examined by analysing sea ice
drilling data, and we recommend that this be done.
Satellite Data

SAR and thermal infrared imagery have great utility for estimating open water and
thin ice fractions and ice motion. We recommend that an ACSYS group join to request
access to existing ERS SAR and ATSR and RADARSAT data. In so doing we fully support
the comments raised at the summary plenary session of the 3rd ERS symposium in
Florence, 17-21 March 1997. There, it was proposed that ESA should allow for full scientific
exploration of the archived ERS-1/2 SAR image data perhaps via a special release of an
Announcement of Opportunity. We request the European Space Agency and the Canadian
Space Agency recognise the declining commercial value of satellite data as it ages in an
archive and the rising scientific value as longer data records accumulate, and adopt a pricing
policy that makes these non-current data affordable for scientific work. We also recommend
that the various national space agencies support the intercomparison of satellite-derived ice
thickness estimates with estimates from other methodologies such as sonars, and EM
induction sensors. Until this step is supported, the science agencies will be reluctant to
support geophysical work with satellite-derived data products.
New Techniques I Technology
Large-scale Observational Requirements for Ice Thickness

We voice the concern that with the end of the Cold War, the US and UK submarine
fleets are shrinking and the opportunity to obtain ice draft observations from this platform
may disappear. We reiterate the need for a large-scale long-term ice draft observational
capa_bility a~d ~ecommen_d that the expansion of observations by moorings and AUVs be
cons1de_red 1n hght of th1s need. We note the great value of wide-spread and regular
submanne observations of ice draft in the SCICEX programme.
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Seismic Techniques and Waveform Analysis
In general we believe that seismic and geological techniques both in instrumentation
and in data analysis should be more fully explored for observing the sea ice cover. Both with
moored ULS and with an experimental ULS added to a SCICEX submarine, we recommend
that on a trial basis the return acoustic waveform be analysed to see what added information
can be obtained. lt may be possible to discriminate by intensity between returns from open
water and from very thin ice, so that the extent of truly open leads can be determined, which
is valuable for heat and moisture flux estimates and of course for accurate calibration of draft
observations.
AUV Range
To contribute to the large-scale and long-term sampling needs for ice thickness, the
range capability of AUVs needs to be extended. The technologies under consideration or
development are: the use of sodium-sulphur or other advanced batteries to give extended
ranges of up to 300 km; attempts to develop laminar flow bodies to extend range; and the
use of very long unreeling optical fibres for data transmission.
Multiple Acoustic Transducers
One source of observational error in ice draft observations is uncertainty in the
(vertical) sound speed profile between the sonar and the ice bottom. One technique to
observe sound speed would be to receive the sonar return at several points spread out
along the hull of a submarine or on booms reaching out from a moored buoy. On
submarines the use of XCTD data should reduce errors due to sound speed. We
recommend a conceptual clarification and a technical feasibility analysis as part of a study of
ice draft errors. See the section "Ice Draft Error Analysis" above.
Swath Mapping
Comparative tests have shown that a mean draft derived from a limited length of
submarine sonar profile is subject to a large statistical error simply due to the finite nature of
the dataset. This amounts to some+/- 13% for 50 km of track. To give better accuracy such
that real temporal changes can be detected therefore requires long track lengths (accuracy
improves as the square root of track length). A way of improving the statistics is to record
multiple drafts along parallel lines of profile above the submarine, e.g. from a swath mapping
or interferometric sonar. The number of independent lines available is the width of swath
divided by the coherence length for ice features. Even if the latter is taken as 100 m, it
should be possible to achieve a useful factor of improvement (perhaps 3 to 4) in the
shortness of geographical track required to achieve a given level of accuracy in the mean
draft.
Priorities for ACSYS

Under "Needed Observational and Analytical Projects", the top ACSYS priorities are
(in no particular order):

.

Transport of ice into areas prone to deep convection through the Fram Strait an_d
the Canadian Archipelago. This will elucidate the freshwater balance of the Arct1c
Ocean.
Thick ice observations for improving knowledge and parameterization of ice
mechanics.
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Evolution of ridged ice including ridging, internal consolidation, and ablation.
Thin ice on shelves.
Historical data in a digital data base.
Ice draft error analysis.
Under "New Technology", the top ACSYS priorities are:
Sonar and Signal Processing Development.
Evaluation of topside techniques.
Topside/bottomside correlation.
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Working Group Ill:
Requirements by the Modelling Community

Chairman: M. Harder

Ice thickness measurements are essential to validate the representation of sea ice in
climate models. A climatology of the observed spatiat mean ice thickness patterns for the
four seasons is the most basic information. Although some climatologies have been
published, reliable ice thickness climatologies based on a large number of observations are
not available on a global scale (including both hemispheres). The compilation of such
climatologies including estimates of their accuracy has a very high priority for the modelling
community.
To interpret mean values of ice thickness (separately for the seasons) its natural
variability must be known. Observations at selected points (e.g., the Fram Strait) as well as
large-scale simulations show a variability of the basin-wide sea ice thickness on time scales
of several years. Long-term measurements covering at least a decade are required to obtain
reliable observations of the mean ice thickness and its variability. lt is therefore essential that
as much historical data on sea ice thickness as possible be made available to the scientific
community.
Observations and simulations show that much of the variations of the ice cover occur
in regions close to coasts, whereas the central Arctic experiences less variability. The area
defined by the Gore/Chernomyrdin commission for release of previously classified ice
observations is unfortunately restricted to the central Arctic. lnterannual variations in ice
thickness occurring mostly in marginal seas cannot be determined from these
measurements.
The advance of sea ice research crucially depends on a substantial extension of the
area for which historical measurements are released. Upward looking sonar measurements
of the underside of the ice cover from submarines and oceanographic moorings currently
provide the largest data sets on sea ice thickness. Profiles of sea ice draft that have been
analysed, corrected for measurement errors, and interpolated to standard intervals in space
render the scientifically most useful representation of these data. Whenever such validated
'original' data cannot be provided, at least statistics on the ice thickness distribution (mean
ice thickness, modal values, probability distribution functions, EOFs) should be released.

•

The collection of new data by measurement programs should be optimised using the
results of numerical simulations (e. g. Harder et al., this issue) and analyses of previous
observations. To detect inter-annual variability optimally, the measurements should cover
the lateral boundaries of the polar oceans, including observations in outflow regions (Fram
Strait, Bering Strait, Canadian Archipelago, Weddell Gyre and Antarctic Circumpolar
Current) over several years. A scientific steering of submarine missions increases the
scientific value of the observations. The extension of the measurements to areas sparsely
covered so far (e.g. Southern Ocean) is necessary.
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Reliable, global-scale sea ice thickness observations at frequent intervals from future
satellite-borne altimeters would be a strong improvement. However, some open questions
must be resolved before it becomes clear how useful data from this type of instrument are to
sea ice research. How can changes in sea level be separated from changes in ice
thickness? How much does snow cover disturb the measurement? How can reference
values for the open ocean be obtained in winter? The vertical accuracy of the sensor of
about 5 cm limits the measurement of Antarctic sea ice thickness and seasonal variations of
the Arctic ice pack. An increase in the vertical resolution of the sensor, even if it has to be
traded off against horizontal resolution, would increase its value for sea ice observations.
The satellite sensor should cover latitudes as high as possible to provide for the most
comprehensive data set.
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Summary report on the fourth session
of the SI OM Panel
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Introduction

The main objective of the Arctic Climate System Study (ACSYS) of the World Climate
Research Programme is to provide a valid scientific basis for the representation of the Arctic
region in coupled atmosphere ocean models. In order to achieve this objective the ACSYS
implementation plan consists of four observational programmes concerned with atmospheric,
oceanic, sea ice and hydrological activities and a modelling programme which will integrate
these observations for improving the numerical representation of atmospheric, oceanic, sea
ice and hydrological processes.
The ACSYS modelling programme supports the development, optimisation and
application of
1.

Sea ice models with special emphasis on
the large-scale formulation of sea ice dynamics and properties, and on
small-scale models of sea ice deformation.

2.

Ocean process models focussing on
shelf processes,
open ocean convection,
inter-basin connections.

3.

Coupled large-scale sea ice - ocean models addressing
the effect of sea ice on the buoyancy and momentum flux forcing,
sensitivity experiments with respect to sea ice rheology, convection and other
parameterisations,
the response to the variability of atmospheric forcing and river run off,
the variability of sea ice and fresh water export, and
nested models.

4.

Small- and meso-scale coupled models addressing
sea ice- atmosphere interaction (especially clouds, radiation),
lead and polynya processes (interacting boundary layers, effect on largescale response).

5.

Hydrological models
at river-catchment scales,
for the Arctic Ocean to assess model derived precipitation.

The modelling programme also includes the analysis and assessment of data for
forcing and verification.
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In order to co-ordinate the modelling programme, the ACSYS Sea Ice - Ocean
Modelling (SIOM) Panel was established. According to the request of the climate modelling
community the SlOM Panel has initiated the Sea Ice Modellntercomparison Project (SIMIP)
as its first major activity with the two main objectives:
to produce a preliminary standard forcing and verification data set for sea ice
models, and
to perform sea ice - only model experiments to derive the optimal sea ice model
for dimate applications.

SIMIP (see Fig. 1) was constructed according to the other model intercomparison projects
within the WCRP. The prime focus was initially on the dynamical parameterisations
including the sea ice rheology. lt is planned to treat the thermodynamical aspects of sea ice
models in a later stage of the project (see also the reports of the three earlier sessions of the
SIOM Panel).
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The main topics of the fourth panel meeting were:
to review the current state of the SI OM related numerical experiments,
to address general modeJiing issues, and
to discuss future activities

Current state and plans of SIOM-related experiments
1.

Institute of Marine Research, Kiel, and Alfred-Wegener-lnstitute for Polar and
Marine Research, Bremerhaven, Germany (M. Harder, P. Lemke)

The following activities are currently underway or planned at the lfM Kiel (see also the
home page of the Marine Meteorology Department at http://www.ifm.uni-iel.de/meteorology):
The sea ice modelling group at lfM Kiel has developed a new forcing data set for
1979-1995 based on the NCEP/NCAR reanalyses that now serves as the standard forcing
for the SIMIP experiments. This forcing is compiled both for the Arctic/North Atlantic and the
Weddell Sea (the Antarctic). A comparison with observations from stations, ships and buoys
shows that the wind and temperature fields of the NCEP/NCAR reanalyses represent
synoptic weather events reasonably well. This is a major improvement compared to the
previous forcing with ECMWF analyses 1986-1992 which did not resolve synoptic weather
events in the temperature fields. However, even in the new NCEP/NCAR reanalyses, the
following problems in the surface fields in polar regions have been identified:
The humidity fields show unrealistically high fluctuations and cannot be used as
model forcing.
Some orographic effects, e. g. by Greenland or the Antarctic Peninsula, are poorly
resolved at the current resolution, leading to artefacts in the wind fields and
advective transports.
The 2m air temperatures over ice-covered regions are generally too low and too
variable compared to buoy observations, because the heat flux from the ocean to
the atmosphere through leads of open water is not adequately represented in the
NCEP/NCAR reanalyses.
Despite these deficiencies, the NCEP/NCAR reanalyses provide one of the best global
data sets currently available and are a major improvement compared to earlier analyses with
errors due to changes in the model parameterisations and prescribed surface temperatures
over sea-ice-covered regions (Harder et al., 1998). The compilation/ interpolation and
validation of the new NCEP/NCAR forcing for use in sea ice models has been performed at
the lfM Kiel for the Arctic and North Atlantic (M. Hilmer) and for the Weddell Sea (M.
WindmOiler).
The set of statistical methods to analyse the forcing fields and the corresponding
reaction of the sea ice models has been greatly extended. Two-dimensional empirical
orthogonal functions (EOFs) are now used as a valuable tool to describe the variability of the
s~atial ic~ thickness distribution and its correlation with the divergence and vorticity of the
w1nd forcmg (Harder et al.: Modelling the variability of the Arctic sea ice thickness this
volume).
'
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Sea ice models with different theologies show major differences in the spatial ice
thickness distribution. But the observations, especially in those regions of high sensitivity and
variability, are sparse (see Report of Working Group Ill of the ACSYS Sea Ice Thickness and
Data Analysis Workshop, this issue). While more data are expected to be released in the
future, the SIOM group has tried to compile as many currently available ice thickness
observations as possible into a standard verification data set. Sensitivity studies of all
models of the hierarchy are performed in co-ordination with CCCMA and AWl. A number of
sensitivity studies with the viscous-plastic model are presented in Harder et al. (1998).
Refinement of the model forcing to a 55km resolution (0.5 degree on a rotated
spherical grid) and extension of the period are prepared. lt is planned to perform the
standard run at this increased resolution for the full 40-year period of the NCEP/NCAR
reanalyses. The effect of the resolution on the model results will be investigated by
comparing the same scenarios simulated at different model resolutions. The studies now
cover both hemispheres. In the Antarctic special emphasis is laid on the Weddell Sea
because of its importance for the formation of deep water. lnterannual variations and
anomalies of the Weddell Sea ice extent in response to atmospheric forcing are investigated
with the long-term NCEP/NCAR forcing.
The sea ice model code is rewritten to comply with the MOM 2.0 conventions and will
be made available to the modelling community after testing. This work is done in close cooperation with and major contributions from Cornelia Koberle and ROdiger Gerdes of AWl,
Bremerhaven. The sea ice model will be coupled to the regional atmosphere model REMO
which has been adapted to the same grid as the ice model (R. JOrrens, H. Berndt).
The simulated large-scale roughness of sea ice (Harder, 1997) is converted and related
to observable small-scale geometric properties of deformed ice. This study within the
German Joint Research Project FEME (Remote sensing of sea ice properties and
processes) aims to use the sea ice roughness as an additional quantity that can be
compared with observed sea ice properties, e.g. from satellite images. While the concept of
simulated sea ice roughness is first tested in the Arctic (N. Steiner), the application of the
method to the Weddell Sea is now also under preparation (S. Schuster). The concept and
first results of the FEME project are available on the FEME home page (http://www.ifm.unikiel.de/meteorology).
The simulation of the age of sea ice (Harder and Lemke, 1994; Harder, 1997) has been
outlined as an additional sea ice property that can be compared with observations of the
spatial distribution of different ice types. First studies show a qualitative agreement between
the simulation results and satellite observations of multi-year ice concentrations in both the
Weddell Sea and the Arctic. Current studies aim to establish a quantitative relationship
between simulated and observed ice properties, making use of satellite passive microwave
observations (SMMR, SSM/1) from 1979 to present. This work is done in close co-operation
with the AWl, Bremerhaven (T. Martin, M. Kreyscher).
The SIOM activities at AWl, Bremerhaven, primarily performed by M. Kreyscher, focus
on the application of a quantitative error function to measure the 'skill' (Holloway and Sou,
1996) of each model to match the observations. The wealth of buoy data from the
International Arctic Buoy Programme (IABP) providing observations of sea ice drift has be~n
supplemented by ice drift velocities derived from the satelliteborne SSM/1-sensor (T. Martrn)
for winter situations of several years.
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The data set of ice thickness observations has been extended to include all available
observations, many of which being obtained within the ACSYS programme. SSM/1
observations of ice types (first-year and multi-year ice concentrations) have been derived for
1979-1995 and made available to the SIOM group. Simulations with differing oceanic forcing
(ocean currents from different sources; annual versus monthly ocean heat flux) have been
performed both at AWl, Bremerhaven and lfM, Kiel.

2.

Canadian Centre for Climate Modelling and Analysis, Victoria, B.C., Canada
(G.M. Flato}

Current activities centre on the role of dynamics in warming sensitivity of Arctic sea-ice
models. At the previous SIOMP meeting, a comparison was shown of the warming sensitivity
of a hierarchy of sea-ice models ranging from a thermodynamic-only model to a model which
includes dynamics and a treatment of the thickness distribution. lt was apparent that ice
thickness and extent were less sensitive in 2-level dynamic models than in thermodynamiconly models. However, a multi-category dynamic model with a treatment of the thickness
distribution was more sensitive than the 2-level models.
In the present work, it was tried to understand why the multi-category model is more
sensitive than a two-level model. Two additional experiments were conducted with the multicategory model: (i) the ice strength was computed as in the 2-level model rather than using
the standard multi-category formulation; (ii) the thermodynamic growth rate was computed
based on the mean ice thickness rather than being computed separately for each thickness
category. Neither modification had a large effect on the mean thickness sensitivity, however,
the growth rate experiment (ii) had a substantial effect on the ice extent (reducing the
sensitivity to a value very near that of the 2-level models) (Fig. 2).
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An additional experiment was conducted with the 2-level model to explore the role of
the lead-closing parameterisation (i.e. the parameterisation which controls the rate of open
water reduction by freezing). Ice extent sensitivity in the two-level model can be changed
dramatically by changes in this parameterisation (i.e. reducing the parameter h0 , see Hibler
(1979), by a factor of two increased the ice extent sensitivity to a value near that of the multicategory model).
3.

Thayer School, Dartmouth College, Hanover, N.H., USA (W.D. Hibler)

One of the main activities was the development of an efficient numerical method for
modelling sea ice dynamics. An extended presentation is given in Appendix 4.5.
4.

Applications of optimised models

In addition to comparing and evaluating the performance of various sea-ice
dynamical formulations, the SIMIP project will also include a comparison of the
sensitivity of the models in the SIMIP hierarchy to perturbations in atmospheric and
oceanic forcing. The objective is to investigate the role of sea-ice dynamics in
modifying the response of a modelled ice cover to such perturbations and hence
illustrate the extent to which choices regarding ice dynamics may affect the highlatitude response of a climate model.
The procedure will be to re-run the models with changes made to air
temperature, wind stress, ocean currents, etc, and compare the results to the
corresponding standard case. Some of these experiments have already been
conducted at lfM-Kiel and CCCMA, and results were discussed at this meeting.
Further, more co-ordinated experiments will be conducted for inclusion in the final
report. Although there were discussions of expanding this sensitivity study to include
the effect of different oceanic treatments and atmospheric boundary-layer
formulations, the decision was to limit the scope of the sensitivity studies to
prescribed forcing. Additional sensitivity studies are planned during subsequent
phases of the intercomparison project. These will address the role of thermodynamic
parameterisations on model sensitivity, along with the role of interactive ocean
coupling.
5.

Coupling with atmosphere and ocean (D. Holland)

In this section we discuss issues relating to the coupling of sea-ice and ocean
models as well as some other related issues. Specifically, we consider the
freshwater flux, the heat flux, the momentum flux, the initial conditions, the ocean
vertical co-ordinate, the mixed-layer parameterisation, and the presence of floating
ice shelves. The items in this list represent factors which can significantly influence
the sea-ice characteristics as simulated by a sea-ice model when coupled to an
ocean model. Numerical experimentation is required to quantify the relative
importance of each of these factors. While there are many other ice-ocean issues
not included in the present discussion, we chose to focus on those which we feel are
most urgently in need of attention.
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5. 1

Momentum Flux

The presence of sea ice in the polar oceans results in a major modification in
the exchange of momentum, heat, and freshwater between the atmosphere and
ocean compared to regions of the world ocean which are ice free. The reality of
having to deal with both an ice fraction and a lead fraction within a single grid cell
necessitates the computation of the various surface fluxes separately over both the
ice and the leads in the ice. The net flux into the atmosphere or ocean is usually
taken as a linearly weighted flux based on the respective ice and lead fractions.
The transfer of momentum from the atmosphere through the sea ice cover
and into the ocean is complicated by the fact that sea ice experiences internal
stresses which are capable of modifying the amount of momentum transferred into
the ocean. In terms of vorticity input into the ocean, it can be shown that the
viscous-plastic rheology for sea ice modifies the curl of the wind stress as it is
transmitted through the ice cover. The cavitating fluid rheology, by contrast, does not
modify the curl of the wind stress that is passed through the ice cover and into the
ocean. Consequently, these two rheologies may be expected to produce different
ocean circulation patterns.
Aside from vorticity arguments, there is also a need to experiment with
different formulations of stress transfer between the ice and ocean. Specifically,
some researchers parameterise this stress using a quadratic drag law based on the
difference in velocity between the ice and ocean currents. Others compute the
ice-ocean stress as a residual of the air-ice stress and the ice internal stress (Hibler
and Bryan, 1987).

5. 2

Heat Flux

The next flux to consider between the ice and ocean interface is the heat flux.
Typically, wherever ice exists, the ocean mixed layer has its temperature set to the
freezing point. The freezing point is of course dependent upon the salinity. After
each ocean model time step, the mixed-layer grid points that are in contact with sea
ice will in general no longer be at the freezing point. In setting the ocean temperature
back to the freezing point, it is necessary to adjust the sea ice volume so that overall
heat is conserved in the ice-ocean system. This procedure accounts for, among
other source/sink terms, the heat flux that is brought into the mixed layer during the
entrainment process. In this scheme, there will be no explicit heat flux from the
ocean into the base of the sea ice. This is because the ocean mixed layer and the
base of the ice are both exactly at the freezing point. From this point of view of the
ocean model, there is no heat flux to pass into or out of the ocean surface in a grid
cell containing sea ice.
There is a second approach to deal with the thermal fluxes at the ice-ocean
interface. Instead of resetting the ocean temperature to freezing where ice exits, the
ocean temperature may be allowed to evolve freely. In this instance, there will be a
flux of heat into or out of the ocean mixed layer at the ocean interface. This flux is
related to the heat required to push the mixed layer temperature back towards the
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freezing point. Typically, the fluxes are formulated using a drag law with appropriate
exchange coefficients (McPhee, 1992).
A third approach is to embed a molecular sub-layer between the sea-ice base
and the surface of the ocean. This approach (Melior et al, 1986) introduces two new
prognostic variables describing the salinity and temperature exactly at the sea-ice
ocean interface. While more complicated than either of the two other approaches it
may be a more realistic description of freshwater and heat fluxes at the interface.

5.3

Freshwater Flux

Most ocean models express the exchange of freshwater at the surface of the
ocean due to processes such as precipitation, evaporation, ice growth/melt, and river
runoff in terms of an equivalent salt flux. This virtual salt flux is of course not
physically based and historically been used due to the limitations of rigid-lid ocean
models (Huang and Schmitt, 1993). As many ocean models now have free surfaces
it is prudent to experiment with actual physical freshwater exchanges rather than
virtual salt flux exchanges at the surface.
A satisfactory representation of the earth's hydrological cycle has not yet been
achieved in global climate models. As the Arctic receives 10 percent of the global
river runoff it is necessary to properly represent this inflow into the ocean model.
Furthermore, the freshwater flux arising from the calving, transport, and melting of
icebergs from the Greenland and Antarctic ice sheets possesses a significant
challenge to achieving a realistic representation of ice-ocean freshwater exchange.
5.4

Initial Conditions

Aside from the treatment of surface fluxes, another important issue is the
specification of the initial conditions for an ice model as it has an impact on the spin
up of the ocean model. For example, starting a coupled ice-ocean model with the
initial conditions of no sea ice cover will lead to a rapid growth of sea ice during the
first few years of the integration as the ice cover strives to reach its equilibrium state.
In the process of achieving this state there will be a significant increase in the salinity
of the upper ocean which in turn will imply some convective overturning of the water
column. Experiments are required in which the ice-ocean system is spun up under a
variety of initial conditions in order to assess the sensitivity to initial conditions.

5.5

Ocean Vertical Coordinate

The first type of ocean model to be developed was the z-level model (Bryan,
1969) in which the vertical is discretised based on geopotential surfaces. Such an
approach is amenable to a relatively straight-forward computer coding. Next an
isopycnal-coordinate model was presented (Bieck and Boudra, 1981; Oberhuber
1993) in which the vertical is divided into layers of constant density. The exception
being that the uppermost layer is designated as the mixed layer and ~as a
horizontally inhomogeneous density field. The motivation for this approach IS the
belief that, below the surface mixed layer, flow in the ocean occurs along constant
density surfaces and not along constant geopotential surfaces. lt is probably more
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accurate to assume that ocean flow occurs along neutral surfaces (McDougall,
1987), however, isopycnal surfaces are a not so bad approximation to a neutral
surface. Finally, sigma-coordinate models (Biumberg and Melior, 1987; Haidvogel et
al., 1991) were developed in which the vertical coordinate becomes terrain following
(e.g. as in most atmospheric models). The motivation behind this approach is the
desire to not lose vertical resolution over shallow regions as may occur with z-level or
isopycnal-coordinate models.
Each approach to vertical discretisation has both strengths and weaknesses.
The z-level models have come under criticism because of the fact of their staircase
representation of topography (Roberts et al., 1996). With such models one chooses
the depths of the co-ordinate surfaces before running the model (and they remain
fixed during the model run). If the z-level surfaces are chosen to be 100 meters
apart then the actual ocean topography cannot be represented more accurately than
to this amount. This can lead to a very poor misrepresentation of the actual
topography especially in shallow areas and near sills. A second problem identified
with z-level models is that they have difficulty in allowing dense waters that form on
shelf areas slide off the shelf and flow down into the abyssal ocean (Roberts et al.,
1996). The source of the difficult is once again the staircase representation of
topography. The nature of the difficulty is that in order for dense water to flow off the
shelf it must mix laterally and vertically several times. The consequence is that the
dense water is excessively diffused and mixed and is unable to maintain its density
which would be required to reach the abyssal ocean.
The sigma-coordinate models, while not suffering from the staircase
representation of topography, nonetheless has the potential for a large error in the
estimation of the horizontal pressure gradient (Melior et al., 1994) particularly at the
shelf break. The pressure gradient is estimated by taking the difference in hydrostatic
pressure between two horizontally adjacent grid cells. lt is the projection of this
pressure gradient onto a geopotential surface that drives the horizontal flow. In the
real ocean, the vertical pressure gradient is orders of magnitude larger than the
horizontal geopotential gradient. Near steep topography the pressure gradient
computed along the sigmq surface is highly 'contaminated' with the overwhelming
large and unwanted vertical pressure gradient. Sigma-coordinate models try to
overcome this difficulty by smoothing the topography. lt is possible that the
smoothing fundamentally distorts the simulated ocean circulation compared to the
unsmoothed topography.
Models posed in an isopycnal co-ordinate framework do not suffer from the
staircase nor the horizontal pressure gradient difficulties. They can, however,
encounter problems with vanishing layers. In general, before running a model
simulation, the vertical co-ordinates are predefined as density surfaces of fixed
values. If the shelf water evolves into a much lighter or denser class of water that
lies outside the range initially specified then only the mixed layer (being of arbitrary
density) wi!l exist on the shelf and consequently the other layers will have vanished.
The result 1s poor resolution over the shelf.
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Numerical experiments with dynamic-thermodynamic sea-ice models coupled
to each of the above class of models is required in order to determine if ocean model
vertical co-ordinate dramatically impacts the simulation of the sea ice.
5.6

Mixed-Layer Parameterisation

There are a variety mixed-layer parameterisations that are used in ocean
models. A mixed-layer model is essentially a separate component model that is
coupled or embedded within an ocean model. The mixed-layer model uses inputs of
mechanical turbulent kinetic energy and surface buoyancy fluxes to determine the
equilibrium depth of the mixed layer. To accommodate changes in mixed-layer
depth, entrainment or detrainment of water occurs at the base of the mixed layer and
these processes alter the water mass properties of the mixed layer. This in turn of
course effects the sea-ice cover through modification of heat and freshwater fluxes at
the base of the sea ice. Some ocean models (e.g. MOM code) are often used without
any mixed-layer parameterisation.
The first mixed-layer parameterisation developed was that of Kraus and
Turner (1967) which was formulated using an energy balance as described above.
Subsequently, Gaspar (1988) modified this treatment to include an additional
parameterisation for dissipation of turbulent kinetic energy within the mixed layer.
Both the Kraus-Turner and Gaspar approaches treat the mixed layer as a single
layer with vertically homogeneous properties. An alternate approach is to resolve the
mixed-layer using a stack of vertical layers and to describe the extent of vertical
mixing between layers by using a mixing coefficient which varies according to the
amount of turbulence that is diagnosed between adjacent layers. This turbulence
closure approach has been described by Melior and Yamada (1982).
The impacts of using either (i) no mixed-layer parameterisation, (ii) a bulk
parameterisation, or (iii) a turbulent-closure approach are not known. We recommend
experimentation along these lines.

5. 7

Floating Ice Shelves

In the Southern Hemisphere sea-ice production is impacted by the presence
of floating ice shelves. These ice shelves are the consequence of the continental
land ice of Antarctica flowing into the Southern Ocean. Approximately 40 percent of
the coastline of the Antarctic continent consists of a floating ice shelf. Beneath these
ice shelves a physical mechanism referred to as an 'ice-pump' causes the production
of super-cooled water and consequently the creation of frazil ice in situ (Lewis and
Perkin, 1985). The extent to which this frazil ice exits from beneath the ice shelf, and
floats up to the surface of the open ocean to accumulate at the base of the sea ice,
is unknown but estimated to be up to one meter of sea ice production per year in
certain locations. Coupling of sea-ice and ocean models to a floating ice shelf model
will be required to further investigate this issue.
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5.8

Implications

This section has outlined some of the numerical and physical issues that
should be investigated by researchers who couple dynamic-thermodynamic sea-ice
models into global climate models. Such numerical experimentation will lead to a
better understanding of how to best couple such global models as well as an insight
into the implications of using one particular coupling scheme or physical
parameterisation versus another.
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APPENDICES

Appendix 1

Agenda of the fourth session of the ACSYS Sea Ice/Ocean Modelling Panel
and the workshop on Sea Ice Thickness Measurements and Data Analysis

(a) Agenda of the fourth session of the
ACSYS Sea Ice/Ocean Modelling Panel

Monday, 7 Apri11997
1.1ntroduction (P. Lemke)
2. Status of forcing and verification data sets (M. Harder, G. Flato}
3. Current state and plans of SIOM-related experiments
AWl and lfM (M. Harder)
CCCMA (G. Flato)
Thayer School (B. Hibler)
Lamont (D. Holland)

4. Presentation by other experts
M. Steele (Modelling issues)
W. Maslowski (Arctic Ocean Models)
Y. Zhang {Coupled Ice-Ocean Models)

L. A. Timokhov (Sea Ice Models)
5. Requirements by the modelling community

Friday, 11 April 1997
6. Discussion of the future strategy
7. Coupling with atmosphere and ocean
8. Preparation of the report on the session
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(b) Agenda of the workshop on sea ice thickness measurements
and data analysis
Tuesday, 8 April 1997
08:30 - 09:00 Welcome and Administrative Issues (R. Colony and L. Brigham}
09:00-12:30

Geophysical Variables and Variability (R. Bourke, Chair)
Objectives:
Identify Outstanding Scientific Questions
Evaluate Sea Ice as an Indicator of Climate Change
•

A. Thorndike: "Geophysical Variables and Variability of Ice Thickness"
[Invited Speaker]

•

T. Shy and J. Walsh: "Diagnostic Analysis of Ice Thickness Data from
Submarines"

•

J. Comiso: "Arctic Regional Ice Classes from Space and Relationships to
Ice Thickness Distributions"

10:30 -11:30 Break and Poster Session
11:30 - 12:30 General Discussion of Geophysical Variables
Review Workshop Objectives
Assign Working Groups:
•

Data Management and Basic Statistics of Ice Thickness

•

New Scientific Directions and New Observational Requirements

•

Requirements by the Modelling Community

14:00-18:00 Submarine Observations of Ice Thickness (R. Bourke, Chair)
Objectives:
Summarize the Present Data and Define Requirements for Future Data
Review the Relative Role of ULS and Submarine Measurements

•

T. Tucker: "Summary of Ice Draft Obse!Vations Collected by US
Submarines" [Invited Speaker]

•

F. Tanis and R. Simmons: "US Navy Submarine Ice Profile Data"

•

P. Wad hams: "UK Navy Submarine Ice Profile Data"
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15:30 - 16:30 Break and Poster Session
16:30-17:00 General Discussion of Submarine Data
17:00 - 18:00 Working Groups Meeting

Wednesday, 9 April1997
08:30-12:30

Analysis and Interpretation of Ice Thickness
Measurements (R. Colony, Chair)
Objectives:
Identify the Ice Thickness Data Requirements
Develop an Ice Thickness Monitoring Strategy for 1998 through 2003 and
Future
Recommend Special Purpose Observational Programs
•

H. Melling: "Scientific Interpretation of ULS Measurements"

•

T. L0yning: "Management of the Ice Thickness Data"

•

J. Johannessen: "Ice Topography Mission"

10:30-11:30

Break and Poster Session

11:30- 12:30

General Discussion of Data Requirements

14:00-18:00

Analysis And Interpretation of Ice Thickness
Measurements {R. Colony, Chair)
Objectives:
Identify the Ice Thickness Data Requirements of Modelling Community
Ice Models and Ice Thickness Data Assimilation
•

G. Flato: "Modelling the Thickness Distribution of Arctic Sea-Ice"

•

Drew Rothrock, J. Zhang and Y. Yu: "Comparing Ice Thickness Distribution
in Models and Submarine Data"

•

Markus Harder:
Transport"

•

W. Hi bier: "Ice Thickness Distibution"

"Sensitivity and Variability of Sea Ice Thickness and
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16:00-17:00 Break and Poster Session
17:00 -18:00 Working Groups Meet

Thursday, 10 April1997
08:30-12:30

Workshop Recommendations
The working groups meet individually for two hours and then we meet together to
hear preliminary recommendations.

14:00-17:00

Workshop Recommendations
The working groups meet individually for three hours to draft final recommendations.

17:00

Adjourn
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Evaluation of Upward Looking Sonar (ULS) Ice Thickness Series:
A Summary on a Meeting at the Norwegian Polar Institute, 27 June 1994
Terje Brinck L0yning

Purpose of Meeting
ULS ice thickness series are collected under the WCRP Arctic Ice Thickness
Project (AITP) as well as under the WCRP Antarctic Ice Thickness Project (AniTP) of
which the former constitutes an important part of the Arctic Climate System Study
(ACSYS) under the World Climate Research Programme.
There is a need for an agreed way of processing these ice thickness series so
that the individual series can be compared without uncertainties. The different
sources of error will be scrutinised, and an agreed software programme - as
automatic as possible -will be discussed.

Meeting Agenda
Monday 27 June
0900

Welcome and practical information

0910

Technical Session
The CMR ES-300 ULS: Thor Kvinge and Atle Johannesen, CMR.
The SMST Sea Ice Sonar: Dr. lan Allison, Antarctic CRC.
The APL ULS: Dr. Dick Moritz, APL.

1200

Lunch

1300

Software Session.
The NPI data processing programme: Terje B. L0yining.
The AWl data processing programme: Dr. Volker Strass.

1500

Footprint error session.
NPI measurements of footprint errors: Dr. Reinert Korsnes.
Discussion.

1600

Session ending.
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Recommendations

The presentations and discussion on the ULS' and the treatment of the measured
variables in the instruments concentrated on how the investigator best can minimise the
errors in the estimated ice draft which are introduced through (1) uncertainties in the vertical
profiles of the sea water density and sound speed between the ULS and the ice-water
interface; (2) false diagnosis of the nature of the reflecting surface (ice/open water); (3) a
bias of the mean ice draft due to sea ice roughness within the footprint. One conclusion of
the presentations and the discussion was that future ULS' should provide the echo amplitude
together with the measured travel time for the signal, to provide additional information for
determining whether the signal was returned from an air-water interface or from an ice-water
interface. According to Thor Kvinge and Atle Johannesen from CMI, the echo amplitude can
be provided by a minor change in the instrument software only. Another recommendation
for the manufacturers to consider, is whether the ULS could be operative with two
frequencies: one at 300 kHz as it is now, and one higher frequency which would be reflected
from the air-water interface only. This would give a direct measured value of the distance
between the ULS and the water surface.
Data File formats

We also agreed upon what a data file of calculated ice draft should contain when
data files are exchanged and/or distributed. There are two types of data files: one with the
complete time series for a ULS at a specific location, and another with seven days statistic
parameters from the time series.
Time Series Data Fite

The time series data file must contain a header with the following items:
Latitude/Longitude
Start time/End Time/Log rate
Instrument Type and Serial Number
Responsible Agency
Processing Algorithm
(The description of the processing algorithm should indicate how the estimates are corrected
for offsets, including the footprint correction.)
The following variables should be included in the file:
Time Ice-draft Pressure Temperature Flag
The flag indicates if the estimated value of ice draft is classified as open water (0),
ice-draft (1) or not classified (2).
The dimension of the variable is as follows:
Time
Ice-draft
Pressure
Temperature
Flag

decimal days
meters
bars
°C
dimensionless
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Statistical Data File

The statistical data file must contain the same header information as the time-series
data file; i.e.,
Latitude/Longitude
Start Time/End Time/Log Rate
Instrument Type And Serial Number
Responsible Agency
Processing Algorithm
(The description of the processing algorithm should indicate how the estimates are
corrected for offsets, including the footprint correction.)
Remarks of Statistics to be Presented
Cut-off Values, etc. In the conditional statistics, the estimations with flag value equal
to 2 (not classified) are not included.
The statistical variables should be calculated from the time series using a seven-day
period. The variables are:
The mean ice draft including open water. This is the unconditional average.
The mean ice draft excluding open water. This is the average of the measured ice
draft.
The mode. The bin size should be 0.1 m. If there is no single mode, the code
99.99 should be used.
The variance of the ice draft excluding the estimations with open water
classification.
The percentage of ice cover.
Percentage of not classified ice draft estimations (flag value = 2).
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An Optimized Simulation of Sea Ice Dynamics in the Weddell Sea
Markus Harder
Institut fUr Meereskunde, K.iel, Germany
Holger Fischer
Alfred-Wegener-Institut fiir Polar- und Meeresforschung
Bremerhaven, Germany
A dynamic-thermodynamic sea ice model for the Weddell Sea is verified and optimized
by comparison with observed buoy drift. Simulated Lagrangian trajectories of sea ice drift
are compared with the observed drift paths of eight buoys deployed on sea ice in the
Weddell Sea in 1986 and 1987. The model reproduces many features of the observed
trajectories over periods of more than eight months, provided the ice dynamics parameters
are set to optimal values.
Sensitivity studies show that simulated trajectories and associated transports are sensitive
to variations in model parameters. While the observations give estimates of the reasonable
range for these parameters, the optimal model parameter values representing large-scale
means of small- or mesa-scale processes which are not resolved are not obvious.
For example, the observed drag coefficients in the Weddell Sea vary approximately by a
factor of 2. Also, no direct measurements of the ice strength on large scales (1 00 km) are
available. A reasonable attempt to find suitable parameter values for large-scale
simulations is to run a number of sensitivity studies, to compare the simulated sea ice
dynamics with observations using an error function, and thereby to determine the
parameter set allowing the best agreement with the observations.
A quantitative error function measuring the deviations of simulated trajectories from the
observations is defmed on the base of 30-day trajectories of sea ice drift. Applying the
error function to a number of simulations with different parameter settings, optimized
values for the drag coefficients and for the ice strength parametrization are determined.
The model reproduces the observed trajectories over periods as long as eight to nine
months reasonably well, provided the ice dynamics parameters are properly chosen. We
conclude from the simulation results:
1.
The physical viscous-plastic model of sea ice drift is an adequate representation of
the large-scale sea ice dynamics.
2.
Calculation of Lagrangian trajectories is a useful representation of the simulated
ice velocities.
3.
The daily surface winds at 1000 hPa from ECMWF for 198~d 1987 are a
suitable forcing.
4.
A proper choice of model parameters is essential for a realistic simulation of sea
ice drift.
5.
A realistic simulation with monthly forcing requires that the ice strength parameter
P* is reduced, compared to daily forcing.
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6.
7.
8.
9.

10.

The ratio of the atmospheric and oceanic drag coefficients is one of the most
important parameters that affect sea ice drift.
Free-drift conditions prevail in the central and eastern Weddell Sea.
The absolute values of the drag coefficients have only minor effects on the ice drift
in the Weddell Sea.
The ice strength parametrization has a smaller effect than the ratio of the drag
coefficients, but must be considered for regions of thick, deformed ice with high
internal forces, as present in the western Weddell Sea.
For the most important ice dynamics parameter, the ratio of the drag coefficients,
an optimal value of about 0.4 for surface winds and geostrophic ocean currents is
found.
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The Force Balance of Sea Ice in a Numerical Model of the Arctic Ocean
Michael Steele, Jinlun Zhang, Drew Rothrock, and Harry Stem
Polar Science Center, Applied Physics Laboratory,
College of Ocean and Fisheries Sciences, University of Washington,
Seattle, WA 98105, USA

The balance of forces in the sea ice model of Hibler [1979] is examined. The model
predicts that internal stress gradients are an important force in much of the Arctic Ocean
except in summer, when they are significant only off the northern coasts of Greenland and
the Canadian Archipelago (Figs. 1 and 2). A partition of the internal stress gradient
between the pressure gradient and the viscous terms reveals that both are significant,
although they operate on very different time scales. The acceleration term is generally
negligible, while the sum of Coriolis plus sea surface tilt is small. Thus the seasonal
average force balance in fall, winter, and spring is mostly between three terms of roughly
equal magnitudes: air drag, water drag, and internal stress gradients. This is also true for
the monthly average force balance. However, we find that there is a transition around the
weekly time scale, and that on a daily basis, the force balance at a particular location and
time is often between only two terms: either between air drag and water drag or between
air drag and internal stress gradients.
The model is in agreement with the observations ofThomdike and Colony [1982],in that
the correlation between geostrophic wind forcing and the model's ice velocity field is high.
This result is discussed in the context of the force balance; we show that the presence of
significant internal stress gradients does not preclude high wind-ice correlation. A
breakdown of the internal stress gradient into component parts reveals that the shear
viscous force is far from negligible, which casts strong doubt on the theoretical validity of
the cavitating fluid approximation (in which this component is neglected). Finally, the role
of ice pressure is examined by varying the parameter P*. We find a strong sensitivity in
terms of the force balance, as well as ice thickness (Fig. 3) and velocity.
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Figure 1. The summer (July, August, September) sea ice force balance (Eq. 1), where the
individual terms are: (a) air drag, (b) water drag, (c) internal stress gradient,
(d) Coriolis, and (e) sea surface tilt. The inertial term in Eq. 1 is negligible. Units
are N m-2 • Panels (f), (g), and (h) show the partition of internal stress gradient into
the pressure gradient, shear viscous force, and bulk viscous force.
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..

Figure 2. As in Figure 1, but for winter (January, February, March) .
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High-Resolution Model!flg of Circulation and Processes in the Arctic Ocean with Sea Ice:
Wieslaw Maslowski, Yuxia Zhang, Albert J. Semtner
Department of Oceanography, Naval Postgraduate School,
Monterey, California, USA
Current computational technology allows reasonably accurate multidecade simulations of the Arctic Ocean and Sea Ice circulation. Our modeling efforts to study the coupled Arctic Ocean-Ice system using advanced computers have resulted in development of a high-resolution model of the
Arctic Ocean and Sea Ice. The ocean model adapts the Parallel Ocean Program of Los Alamos
National Laboratory (Smith et al., 1992), a highly parallel version of the Semtner/Chervin free-surface code (Semtner and Chervin, 1992). The model allows realistic geometry and unsmoothed
bathymetry which plays an important role in both large- and mesa-scale circulation of the Arctic
Ocean. Tidal forcing can now also be added if desired (Parsons, 1995, Maslowski et al., 1997). The
sea ice model is a highly parallel version of the thermodynamic-dynamic sea-ice model of Hibler
(1979) with more efficient numerics (Zhang and Hibler 1997). The model domain (Figure 1)
includes the Central Arctic, Nordic Seas, Canadian Archipelago, and subarctic North Atlantic.
Currently the model resolution is 18 km and 30 levels. At this grid resolution narrow currents and
mesoscale features are simulated with great detail (Figure 2). In the Arctic where the internal radius
of deformation is 5-20 km, this model grid is just approaching eddy resolution. To account for
eddies and to allow better resolution of the major but narrow currents distributing properties
throughout the Arctic we will soon start multidecadal integration using 9-km grid covering the
region shown in Figure 1.
To address variety of problems in the Arctic improvements are needed in model parameterization
of major physical processes, such as sea ice processes, deep convection, mixed layer dynamics,
brine enriched downslope density plums, exchanges through straits and narrow passages. Better
parameterizations combined with high resolution dramatically improve realism of simulations of
the coupled ice-ocean system. At present improved paramterizations of open ocean convection
(Paluszkiewicz and Romea, 1997), elastic-visco-plastic sea ice rheology (Hunke and Dukowicz,
1996), overflows and outflows (Price and Baringer, 1994) are being implemented and tested in the
coupled sea ice-ocean model in collaboration with researchers from Pacific Northwest Laboratory,
Los Alamos National Laboratory, and National Center for Atmospheric Research, respectively. We
have also tested a prognostic mixed layer formulation (Kraus and Thmer, 1967) and are implementing a better tracer advection scheme following Hecht et al. (1995) andSmolarkiewicz (1984)
approach. This model provides a testbed for including advanced submodels of the above mentioned and other physical processes. All these improvements should allow adequate representation
of sea ice and ocean physics controlling heat and fresh water balances, maintenance of the halodine, and thermohaline circulation. Better understanding and improvements in numerical treatment of these processes will facilitate their better representation in global climate models, which
in turn should eliminate uncertainties in model predictions of climate change.
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Sea Ice Transport and Production, and the
Impact on Heat Flux in a High Resolution
Arctic Ice-Ocean Model
Yuxia Zhang, Wieslaw Maslowski,
Albert J. Semtner
Department of Oceanography
Naval Postgraduate School
Monterey, California USA

Sea ice plays an important role in both regional and global climate. More
and more climate models are seeking better representations of sea ice. With
advances in computer technology, basin-wide high-resolution coupled ice-ocean
models become possible. Results from such a high resolution model are presented. The model has an 18-km horizontal resolution and 30 levels in the
ocean model. The sea ice model is based on the Hibler (1979) dynamic and
thermodynamic model with more efficient numerics (Zhang and Hibler, 1997).
The ocean model is based on the Semtner and Chervin (1992) free-surface
model which allows unsmoothed bathymetry. Three-day averaged 1990-94
ECMWF winds and heat :H.uxes are used to drive the coupled model.
The 5-year February and August mean ice velocities show the strong contrast to the classical ice drift patterns in the Arctic Ocean. In February (Figure la), the classical Beaufort Gyre shifted from the central Canadian Basin
into a more diffuse circulation. In August (Figure lb), ice drifts cyclonically in
the central Arctic Ocean with the size of the Beaufort Gyre greatly reduced.
These changes in the ice drift are believed to be largely due to the increased
cyclonic activity in atmospheric circulations in the 1990's (Walsh et al., 1996;
Maslanik et al., 1996; and Serreze et al., 1997). Ice thickness is realistically
simulated with the maximum located to the north of Greenland and Canadian
Archipelago (not shown).
High resolution and unsmoothed bathymetry provide an unprecedented
accuracy in mapping the true geometry and true bathymetry onto the model
domain and enable the calculation of ice volume transport through various
straits and narrow channels. Figure 2 shows the 1990-94 5-year mean annual
ice volume transport through Fram Strait, Hudson Strait, Lancaster Sound,
Smith Sound, M'Clure Strait, and Amundson Gulf. It is expected that the

Appendix 4.4, p. 2

/ largest annual transport is through Fram Strait. Almost all of the ice exported
through Fram Strait melt in the Greenland Sea, which is significant amount
of fresh water flux into the Greenland Sea. Anomalous fresh water present at
the surface of the Greenland Sea alters and may even stop convection there,
thus strongly affecting the formation of North Atlantic Deep Water which
controls the global thermohaline circulation. Therefore it is very important to
study the ice export through Fram Strait. Figure 3 shows the time series of
ice volume transports through Fram and Hudson Straits based on every 3-day
model output during 1990-94. One can see that they are highly variable, which
suggests that atmospheric winds play an important role in the ice transports.
Since the the Hudson Strait is ice free in summer, the ice transport through the
Hudson Strait is quite large in winter, which strongly influences the convection
in the Labrador Sea because almost all of the ice exported melt there.
Figure 4 shows 5-year annual mean ice production or melt and under ice
oceanic heat flux. High ice production is found near Smith Sound where Northwater Polynya presents, along the northwestern coast of Hudson Bay, along the
Russian coast in the Kara Sea, along western coast of Novaya Zemlya, off the
extreme northeast Greenland where the Northeast Water Polynya presents,
near the Franz Josef Land, to the north of Severnya Zemlya, and along the
western coast of Alaska. These are the regions where the offshore winds and/ or
underlying currents continuously advect the newly formed ice away so that
there appear considerable amount of open water or thin ice which grows faster.
Ice production in the Arctic Basin is about 1.5 m/yr. Ice are mainly melted
in the Greenland Sea, the Chukchi Sea, and off the North Slope of Alaska.
The 5-year mean under-ice oceanic heat flux indicates that the regions where
large amount of ice melt are also regions of high oceanic heat flux, which are
important for determining ice edges in the marginal seas.
Figure 5 shows the 5-year February mean net surface heat flux over ice
covered area and the 5-year February mean ice concentration. The pattern
of net surface heat flux is almost identical to that of ice concentration which
suggests that the fraction of open water has strong impact on heat 'flux to
atmosphere in winter. It is found that the fraction of open water in the Central
Arctic Ocean is only lthe heat released to atmosphere is significant. Correctly
simulating such small fraction of open water is important because this can
significantly change the heat fluxes to atmosphere and affect the global climate.
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Figure 1 a. 1990-94 5-year February mean 1ce velocity.
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Figure 1 b. 1990-94 5-year August mean 1ce velocity.
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Mean Annual Ice Volume
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Figure 2. 1990-94 mean annual ice volume transport.
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Figure 3. Ice volume transports through Fram {upper) and Hudson (lower) Straits.
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Figure 4a. 1990-94 mean annual ice production / melt.
The interval of dashed contours (from -12 to 0)
is 1 m/yr.
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Figure 4b. 1990-94 mean under ice oceanic heat flux.
The interval of dashed contours (for > 10) is
10 W/m 2 .

Appendix 4.4, p. 10

5-Year (90-94) Mean Feb. Net
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Figure 5a. 1990-94 February mean surface heat flux over
the ice covered area. The interval of dashed contours
(from -50 to 0 W/m 2 ) is 10 W/m 2 .
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Figure 5b. 1990-94 February mean compactness (%). The
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- An Efficient Numerical Method for Modeling Sea Ice Dynamics
W. D. Hibler, ID
University of Texas Institute for Geophysics
Austin, TX
Jinlun Zhang
Polar Science Center
University of Washington
Seattle, WA

Summary. A computationally efficient numerical method for the solution of nonlinear
sea ice dynamics models employing viscous plastic rheologies is presented. The method is
based on a semi-implicit decoupling of the x and y ice momentum equations into a form
having better convergence properties than the coupled equations. While this decoupled
form also speeds up solutions employing point relaxation methods, a line successive over
relaxation technique combined with a tridiagonal matrix solver procedure was found to
converge particularly rapidly. The procedure is also applicable to the ice dynamics
equations in orthogonal curvilinear coordinates which are given in explicit form for the
special case of spherical coordinates.

1.

Introduction

A prominent feature of sea ice in the polar regions is its almost ceaseless motion. In
sea ice dynamics models, ice motion is typically described by momentum equations that
treat the ice cover as a two-dimensional continuum. It has also long been recognized that ice
interaction is a complicated physical process having a highly nonlinear nature. The viscous
plastic method proposed by Hibler (1979) for modeling plastic flow has found wide utility
since it provides a means to model a variety of relatively realistic yet complex plastic
constitutive laws of high nonlinearity. The essential idea in the "viscous-plastic" method
(Hibler, 1979) is to approximate the rigid or elastic portion of a plastic continuum by a state
of very slow creep.
A computationally efficient semi-implicit method was proposed by Hibler (1979) to
solve the momentum equations including a plastic rheology with an elliptical yield curve.
This method is a combination of a modified Euler time step scheme and a point successive
relaxation procedure. At each time step, the modified Euler time marching procedure is
used to center the nonlinear terms and to advance to the next time step. This requires a
computationally intensive point relaxation to be conducted twice in each time step to solve
the linearized implicit coupled equations for ice velocity components u and v. Due ~o the
linearization of the bulk and shear viscosities in the semi-implicit method, the solution at
each time step yields only an approximation to plasti~ flo~. However, by rep~ating ~he
semi-implicit procedure a number of times at each physical time step, a true plastic solutiOn
may be obtained. This basic semi-implicit procedure has recently been extended by Ip
( 1993) to include a variety of more complex plastic yield curves.
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While functional at low resolution, this point successive relaxation method is not
computationally efficient for large grids of high resolution. One of the reasons for the
inefficiency is that either relaxation or limited over-relaxation must be used because of the
complexity of the coupled u and v equations (Ames, 1977). In addition it has been found
that with point relaxation, the rate of convergence depends strongly on the maximum
viscosity or "creep" parameter existing in the grid. Lowering this value can speed
convergence but also results in a less realistic solution of plastic flow.
A new approach to solving the coupled momentum balance equations has recently
been developed by Zhang and Hibler (1998).This method substantially increases
computational efficiency regardless of the numerical solution method for used for the
implicit equations. The key procedure is to uncouple the u and v equations in such a
manner that the uncoupled equations have better convergence properties and also allow
more computationally efficient methods to be used in the solution of the implicit equations.
Plastic flow can then be obtained by a straightforward time stepping procedure. This
method is based on a semi-implicit treatment of the momentum equations at each level of
the modified Euler time step scheme. As shown below, the resulting decoupled implicit
equations can be particularly efficiently solved, when, tridiagonal matrix solvers are used.

2.

Description of the method
From Hibler (1979), sea ice motion is governed by the following momentum

balance
Du
m Dt = - mfkxu + 'ta + 'tw - mgV HP(O) + F

(1)

where u = ui + vj is ice velocity vector, m the ice mass per unit area, f the Coriolis
parameter, g the gravity acceleration, p(O) the sea surface dynamic height, ta the force due
to air stress, 'tw the nonlinear water drag, F the ice interaction force, and i, j and k the unit
vectors in the x, y and z directions. The air stress and water stress terms are given by
'ta =PaCaiUgi(Ugcos<jl + k x Ugsin<jl)
'tw = PwCwiUw - ui[(Uw - u)cosS + k x (Uw - u)sinS]

='tw(u)

where Ug is the geostrophic wind, Uw the geostrophic ocean current, Ca and Cw air and
water drag coefficients, Pa and Pw air and water densities and $ and 8 air and water turning
angles. F is the force due to internal ice interaction and is given by

F =V· cr
where cr i~ the str~ss ten~or which for an isotropic system is related to ice strain rate and
strength via a nonlmear VIscous-plastic constitutive law which in dyadic form is:
cr

=TJ(~u + u¥:.) + [(~- TJ)(V·u)- P/2)1
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In the above equation, E =0.5(~u + u~) is the ice strain rate tensor in dyadic form, Pis
ice strength which is taken to be a function of ice compactness and thickness, and 11 and ~
are nonlinear bulk and shear viscosities. These "viscosity" parameters are functions of ice
strain rate invariants and ice strength and take on some maximum "creep" value (see e.g.,
Hibler, 1979) when the deformation rate becomes very small. The idea here. is to
approximate rigid behavior by a state of very slow creep. For an elliptical yield curve as
proposed by Hibler ( 1979), the nonlinear viscosities differ from each other by a constant
factor, namely 11 =~fe2, where e is a constant and

More complex plastic rheologies may be considered by allowing the viscosities to vary in a
more complex way and also by allowing P to be a function of deformation invariants (see
e.g. Ip et al, 1991, 1993; and Song, 1994). By appropriate choice of the functional
dependence of 11, ~and P on strain rate, the method can also be adapted to fracture based
yield curves (e.g. Hibler and Schulson, 1996).
In a cartesian co-ordinate system
E;j

= Ji ( -aUj + -au1·J

ax. ax.
1

Eij

the ice strain rate tensor is given by

where u 1 and u2 are the x and y components of the ice velocity

l

vector u. Carrying out the gradient operation on the ice stress tensor in a Cartesian coordinate system, the ice interaction force components are given by
Fx

=i_{ [11 + ~]au + [~ -Tl]av _ p} + i_[11 ~u + av )]
ax

Fy

ax

ay

2

ay

ay

ax '

=i_{ [11 + ~]av + [~ -Tl]au _ p} + ~11 ~u + av )]
ay

ay

ax

2

ax

ay

ax

where u = u 1 and v = u2 are the x and y components of the ice velocity field.
In a curvilinear coordinate system the gradient operations must include
operating on the unit vectors which are also functions of the curvilinear variables (see e.g.,
Malvern, 1969). For example in a spherical co-ordinate system the ice interaction force
components are given by

F1. =

1
a
acosq> aA.

[(~ + 11)(

1 au _ vtan<j)J +
acosq> aA.
a

(~ _ 11).!_ av _ P]
a acp

2

+.!. .i_ 11(.!. au + u tan$ + 1 av) - 211 tan$ (.!. au + u tan$ + 1 av)
a acp a acp
a
acosq> aA.
a
a acp
a
acosq> aA.

F = .!_.i_[(s+ 11 )(.!. av)+(s-T\)( 1 au _ vtan$)- P]+
cp
a d<p
a d<p
acos<p dA
a
2
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1
a (1 au utancp
1 av) 211tancp( 1 au vtan<P 1 av)
+ acos<p aA. T\ -;- a<p + a + acos<p ax +
a
acos<p aA.- a --;- a<p
where a is the earth radius, A. longitude and <p latitude. In Equations 9, T\ and ~ depend on
the invariants of the strain rate tensor f.ij which in spherical coordinates the strain rate
tensor components are given by:
.

E

ll.

=

1 au vtancp
-----'acos<p aA.
a

£
A.cp

=o.5(.!_ au + utancp +
a a<p

a

1 av).
acos<p aA.

2'.1
Numerical scheme
For simplicity, the numerical method for solving Equation (1) is described in rectangular
coordinate system although an appropriate fmite difference scheme must be constructed.
The component equations of the momentum balance can be organized and simply
written as

a
au au ( 11-;au) +m-;-+Cctu=-rx
au
a [
J :he,+-;av a ( T\-;av)· -~,2(a)
aP
--[Tt+sJ---.
+C5 v+-;-s-Tl
ax
ax ay
uy
ut
oX
VJ
uy ox
oX

where Cd and Cs are functions of ice velocity, and the viscosities l; and T\ are functions of
the strain rate invariants. Note that the nonlinear advection terms have been dropped in
Equation (2) because they are much smaller than other terms.
At this point it is convenient to describe the various methods for solving these
coupled equations. In the original Hibler (1979) solutions, Equations (2a) and (2b) were
solved simultaneously and implicitly for u and v by point relaxation methods with the Cd,
C5 , 11 and l; terms taken to be functions of the ice velocity at the previous time step, or if a
modified Euler procedure is used, functions of the ice velocity at the center of the time step.
Hence these nonlinear coefficients were taken to be spatially varying constants in a
relaxation solution. A similar procedure is employed by Oberhuber (1990) except that more
efficient line relaxation methods are used in the implicit solution of the coupled equations.
However, while the equations are implicitly solved for all u and v components, since the
nonlinear terms have been linearized, a true plastic solution is not obtained unless a number
of repetitions of the linearization and relaxation process are made at each time step.
The es~ential idea !;'resented by Hibler ~nd Zhang (1998) is to solve implicitly only
the left _h~nd s~de of EquatiOns (2a) and (2b) With the terms on the right hand side taken to
be exphcttly gtve~ by values from the previ?us time step. This feature effectively decouples
the u and v equations and creates a much Simpler set of equations to solve implicitly with
better convergence properties. While these separate decoupled equations can be solved by
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point relaxation methods, use of line over-relaxation in conjunction with an implicit
tridiagonal matrix solver has been found to be particularly efficient. This decoupling
procedure does provide a slightly different solution at each time step than the full semiimplicit method, but since neither method yields directly a plastic solution it is not a-priori
clear which solution is better. Also, as we show below, with repetition both procedures
will converge to the same plastic solution. Moreover, in a normal operational time stepping
mode both methods produce very similar results.
Because more terms are treated explicitly in the splitting method, particular care
must be taken in the time stepping procedure to insure a stable solution for any time step
length both for strong and weak ice interaction limits. The approach taken at this point is to
first solve the left hand side of the uncoupled Equation (2) implicitly together with the twolevel modified Euler time step scheme (Mesinger and Arakawa, 1976) which smoothly
linearizes and uncouples Equations (2a) and (2b) at each time step. This treatment would,
however, leave the combined Coriolis term and off diagonal water drag term, Csu, explicit,
which is not desirable since it can impose strict limitations on the length of time step
interval or result in oscillating solutions in the limit of zero or small ice interaction. To
address this issue, a third corrector level solution is adopted which treats the Coriolis term
implicitly. This procedure results in a stable solution independent of time step magnitude.
In order to illustrate the time stepping procedure, we simplify notation by
considering one spatial derivative term in both x and y directions on each side of the u
component equation (Equation 2a). The treatment of the v component equation follows a
similar manner. Other omitted derivative terms in these equations are treated the same way
in time as the ones included. With this abbreviated notation the time stepping procedure is
as follows:
(1) The first level of the modified Euler time step:

(3)

(2) The second level of the modified Euler time step:

'::\

.... k+l *

o (uc )ou
- -11
Jx
ax

....
.... k+l *
* k
o (u c)ou
- -11
+ muk+l - u + Cer(uc)uk+l * _
()y
()y
.6.t
(4)

•.c uk + uk+l/2 c uk + uk+l/2
dye _
w here, u- =
2
'u =
2
' an
(3) The third level of correction:

vk

+ yk+l/2
2
.
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(5)

Note that Equations (3), (4) and (5) all are semi-implicit because some of the terms
in these equations are calculated using previously obtained ice velocity. However, the
solution of Equation (5) , which is essential to render Coriolis and off diagonal water drag
terms stable independent of .6.t, is quite different from that of Equations (3) and (4). A
stability analysis (see Appendix 1) shows that application of equation 5 is sufficient
although not always necessary for stable solutions.
In Equations (3) and (4) and the corresponding v component equations not
illustrated here, the whole right-hand-side terms are calculated using the previously
obtained ice velocity, while the left-hand-side ice velocity components are updated. This
treatment effectively uncouples the u and v component equations so that each of the
component equations becomes an independent implicit linear equation that can be solved
separately. Application of finite difference method to each of them generates a system of
simultaneous linear equations of a matrix which is symmetric, positive definite and of
diagonal dominance. This property allows the use of over relaxation techniques without
diverging and hence results in rapid convergence (Ames, 1977).
Equations (3) and (4) may be solved by point relaxation or line relaxation together
with a tridiagonal solver. If line relaxation is used a key to the efficient solution of the
finite difference Equations (3) and (4) is to perform line successive over relaxation (LSOR)
row by row (in x direction) for the u component equations, and column by column (in y
direction) for the corresponding v component equations. The reason is that the first term in
Equation (2a) puts more weight in x direction, while the first term of Equation (2b) has
more weight in the y direction. It has been found, for example, that if LSOR is conducted
row by row for the v component equations, the convergence rate can be reduced by a factor
of three compared to column-by-column relaxation.
2.2 Plastic Flow by Means of Pseudo Time Stepping

The three-step solution described above does not necessarily result in plastic
solution of ice velocity which is on some occasions desired. In order to obtain plastic
solution, "pseudo-time steps" can be used with viscosities 11 and ~ updated at every
pseu?o-time ste:I:'· By "pseudo-time step" we mean a procedure whereby after one complete
modtfied Euler ttme step, the final velocity is considered to be the initial velocity in all terms
except the inertial term, and the modified time step procedure is then repeated without a
change in ice strength. A more efficient pseudo-time stepping can also be done by repeating
only the second level of the modified Euler time step. At this level, the centralized ice
velo~ity, uc, i~ still used for calculation of nonlinear water drag. However, the newly
obtamed veloctty (from the first level or the previous psuedo-time step) is exclusively used
to up?ate 1) and~ (and uc if d~sired). After a certain number of pseudo-time steps, the ice
velocity wtll be close to a plastic solution.
This pseudo time stepping procedure may be outlined schematically by considering
the one dimensional equation

we desire a solution of this equation of the form
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ui+l -ui a
. aui+l
ui+l + ui .
-!J.7"t-= ax<rt(u•+l)-a-x-)- C(
2
)ut+ I.
To do this we first carry out a predictor step as before
u(i+l)* -ui

!J.t

a

. au(i+l)*
ui (' )*
ax ) - CE-f')u t+l

=ixCrt(u•)

followed by an arbitary number of pseudo time steps of the form
"k+l i a
a"k+l
"k
i
u
-u _ - ( (Ak)-u-) C(u + u )"k+l
!J.t
- ax 11 u
ax 2
u
fork =1 ton where fik+l is the value of the ice velocity at the k'th pseudo time step and fil
= u(i+l)*. When the value offin+l ~ un then we will have obtained the desired solution.
Note that each solution of the pseudo time step will involve one solution of both
the u and v decoupled equations. Also to be as save as.possible the third implicit correction
step (only an efficient algebraic operation) can be done at each pseudo time step.

3.

Simulation results

In order to compare the decoupling method with previous solution methods, a
series of ice simulations were carried out on an Alliant FX-80 vector parallel computer. For
both formulations of the equations we examine point relaxation methods. For the decoupled
equations we also examine a line successive over relaxation method combined with a
tridiagonal matrix solver. In the decoupled equations these point and line relaxation
methods are denoted by DPSOR and DLSOR while the point relaxation solution for the
coupled equations is denoted by PS OR. The Arakawa B grid with velocities at the corner of
the grid cells and viscosities at the center was used in all cases (see e.g. Hibler, 1979). The
equations may also be formulated in the Arakawa C grid (see e.g. Ip et. al., 1991)
These three methods are used in a rectangular coordinate ice model with different
resolutions that cover the Arctic, Greenland and Norwegian seas (see Table 1). Except for
resolution, the ice models are similar to the Hibler (1979) model and include a coupling to
explicit ice concentration and thickness conservation equations. Figure 1 shows the grid
configuration of the 40 km resolution ice model. Daily 1981 atmospheric forcing fields are
used to drive the ice simulations. More details on the forcing fields may be found in Hibler
and Zhang (1993).
Table 1.

Description of the ice model*
Resolution

Grid size

Standard time step

Integration

40km

130 X 102

1/2 day

10 days

*The ice strenoth is given by P = Pohe-C(l-A) where Po and Care empirical constants
with values of .SkNm-2 and 20. In this equation h is the mean ice mass per unit area and
A is the ice concentration or compactness.

l7
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3.I

Comparisons of numerical results

Unless otherwise mentioned we compare the point relaxation solution of the
coupled equations (PSOR) with the line relaxation solution of the decoupled equations
(DLSOR). However, the other solution method (DPSOR) yields almost identical results for
decoupled equations. Since all solution methods involve an over relaxation parameter, a
common value of 1.5 was used in all of these comparisons. The sensitivity of the different
methods to the over-relaxation parameter is discussed below.
To examine the overall behavior of the simulated ice velocity field statistically,
Figure 1 shows the mean total energy of both methods and mean total velocity difference
between both methods over one month integrations as a function of time step length for the
40 km ice model. The total energy here is defined as a summation of the square of ice
velocity at every grid cell with sea ice, and the total velocity difference is defined as a
summation of the square of velocity difference between both methods. The concept here is
that as the time step becomes smaller the different semi-implicit treatments converge to the
same solution. It is noted from Figure that the total energy values obtained from both
methods approach each other and the velocity deviation is diminishing as the time step
interval decreases. Half-day time steps for this specific case were good enough to limit the
difference to a rather small range.

e

220
210

~ 200

I)

c

--lOB--

Energy, PSOR

5

····.e.--·· En e:rgy, DLSOR
- -<>- - Velocity Difference

w 190

0

{!. 180
---·----------

s::

u

--------------

:;: 170
~

-.. ......

160
150

2 day

1 day

''9------~-

1/2 day

----- 0

1/4 day

1/B day

Time Step lnierval
Figure l.Mean total energy versus time step interval from the ice model of 40 km
resolution. The dashed line is for LN~::.MU~ewiN, the solid line LNLMU~JN, and the dotted
li~e~NLM(Ustd.- Unew) 2/N (velocity difference). Here M is the number oftotal grid points
With 1ce, and N IS the number of total time steps.
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3.2

Comparisons of Computational Efficiency

Since all of the solution procedures involve relaxation, a major issue here is the
degree to which the solution may be optimized by an appropriate choice of the overrelaxation parameter. To investigate this issue a series of equilibrium plastic solutions were
carried out using different values of the over-relaxation parameter eo. This test involves a
10 day simulation with at all times the initial guess for the solution being a zero velocity
field. This is of course a very ineffective way of running an ice model, but it does provide a
good comparison of the different convergence rates of the different methods.
The effects of different overrelaxation parameters on computational efficiency are
shown in Figure 2 where we plot the average number of iterations versus the overrelaxation parameter for each method. Because of the superior convergence characteristics
of the decoupled equations it is possible to use a substantially larger over-relaxation
parameter than with the coupled equations where the solution is not stable for overrelaxation values greater than 1.5. Comparisons of the relative improvement of each
method in Figure 5 show the decoupled line successive over-relaxation technique to have a
broad minimum around ro=l.7. This value of ro yields a solution about five times more
efficient than the best result for the decoupled point relaxation method which has a sharper
minimum around ro=l.9.

Avg. No. of Iterations Per Time Step
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0

coupled equations:
point relaxation
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decoupled equations:
point relaxation
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line relaxation with
triadiagonal solver
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ci 4'JO
:z
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1.8
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Figure 2.Average number of iterations versus ov~r-relaxati<;m parameter for the three
numerical procedures. The squares represent the pomt relaxatto~ method f~r the coup~ed
equations while the diamonds and the triangl_es represe~t the ~me and pomt relaxatt~:m
methods, respectively, for the decoupled equations. The stmulations were performed ~tth
the 40km model over a ten day interval with a zero first guess for the solution at each time
5
step. The relaxation tolerance was 2 X 10' m/s.
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3.3

Computational Efficiency of Pseudo Time Stepping

Pseudo time stepping provides an efficient mechanism to obtain fully plastic flow at
each time step. The main reasons for this are that it does not require the full modified Euler
time step and that as plastic flow is approached fewer iterations at each pseudo time step are
needed. To demonstrate the efficiency of this method, the CPU consumption for plastic
solution using pseudo-time stepping was examined for model 1 using the decoupled
tridiagonal solution procedure. Table 2 shows the consumed CPU time with different
numbers of pseudo-time steps used. Note that the CPU consumption does not increase
proportionally with the number of pseudo-time steps; this is because that the solution
changes slowly at larger pseudo-time steps.
In practice with about fifteen pseudo time steps the solutions are quite close to plastic flow.
This is illustrated in Figure 3 where we have plotted the normalized stress states for random
points from the Model2 computational grid for 1, 5, 15 and 100 pseudo time steps. As can
be seen, even five pseudo time steps provide a good approximation to plastic flow for the
one fourth day physical time steps used in this comparison. This result was also verified by
examining the total energy versus time. In practice it is almost impossible to distinguish
between energy time series obtained with fifteen and one hundred pseudo time steps
respectively.
1 pseudo-time step

5 pseudo-time steps

a ,JP

a.jP

..

--------~~~--

a ,JP

u.jP
--------~~~--

•
• a

15 pse\Jdo-time s1eps

100 pseudo-time

a ,JP

u.jP
--------~~~--

at~ps

u,jP
a.jP

------::~:..........;~-

Fig';! re 3. N ormaliz~d str~ss states for different numbers of pseudo time steps using Model
2 With 1/4 day physical tlme steps. The results are from time step 40 and every 12th spatial
point (picked randomly) is plotted.
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Table 2.
CPU time (s) for plastic solution using pseudo-time stepping for a onemonth integration with the DLSOR method using Model 1 with a 1 day time step.
Pseudo-time step

CPU

1
5
10

2027
4287
6018
7180
8076

15

20
30

4.

9449

Concluding remarks

A numerical method for solving viscous-plastic sea ice models has been presented
and shown to work substantially more efficiently than previous point relaxation methods.
The method is quite general, and while applied here to a particular plastic yield curve, can
effectively be used in a wide variety of plastic yield curves as demonstrated by Ip (1993).
The method is shown to generate stable solutions in close agreement with joint solution of
the coupled equations using point relaxation methods (Hibler, 1979). This is true even if
time step interval is not excessively small. Typical solutions from the method demonstrate
favorable qualities in terms of rapidly approaching a true plastic equilibrium solution and
being relatively insensitive to the accuracy tolerance for a relaxation solution.
The core of the method is the semi-implicit decoupling of the ice momentum
equations. This treatment uncouples the u and v sea ice momentum equations so that the
remaining implicit equations have better convergence properties and allow more effective
iterative methods to be applied. Using a tridiagonal solver in conjunction with a line
relaxation technique, the decoupling method is found to converge especially rapidly.
Another favorable feature of using tridiagonal solvers is that the CPU consumption does
not increase as much as with point relaxation methods as the maximum viscosity increases.
The combination of all these features results in a dramatic decrease in computer time and
makes viscous plastic sea ice models more practically usable for finer resolution grids of
larger size, or for global climatological simulations.
Since this time stepping procedure involves an updating of the nonlinear viscosities,
it also provides a convenient foundation for modeling fully plastic flow by taking a number
of "pseudo-time" steps. In this procedure the forcing fields are kept fixed until t~e
nonlinear viscosities converge to fixed values. In practice, this method allows fully plast1c
flow to be modeled with only about a three to four fold increase of computer time. Hence
this method provides access to a wide variety of plastic ice rheologies other than those
considered here.
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Appendix 4.6

Development of Simulation of Sea Ice Cover Evolution
L. A. Timokhov

Adequate simulation of month-to-month variability of sea ice
conditions in the Arctic and Southern Oceans remains a key problem
in climate models for polar regions. Efforts along this line go into: a)
improvement of global (large-scale) coupled ice-ocean models and
coupled ice-ocean-atmosphere models; b) development of models of
different processes and parametrization of processes for climatic
models. From this point of view we shall discuss some problems of
simulation of sea ice evolution.
1. Calculation of Seasonal Variability of Sea Ice and
Hydrological Conditions.
Polyakov, I. has carried out numerical experiments for the annual
cycle of the year 1946 in the Arctic Ocean using a prognostic model.
The time-dependent three-dimensional baroclinic model with free
ocean surface (Polyakov & Dmitriev, 1993) has been used for
calculations of ocean currents, sea level inclination, temperature and
salinity fields. The elastic-plastic rheology has been used for
description of internal stresses in the sea ice cover. Ridging processes
have been parameterized according to Proshutinskiy & Kolesov &
Frolov (1992). Thermodynamic block of the model is to a large extent
similar to that of Parkin son (1978). Six ice thickness categories have
been used for description of ice thickness distribution (See Figure 1).
Specially prepared temperature and salinity fields for summer and
winter periods (Polyakov & Timokhov, 1994, 1996) have been used as
the initial ones. The model has been integrated for 15 years with a
cyclic repetition of daily atmospheric pressure fields having been used
for calculation of wind stresses for the year 1946.
These experiments revealed that 5 years of integration were
necessary for reaching of a quasi-equilibrium state of ocean surface
layers. Integration results have simulated in a rather realistic way
mean monthly ocean temperature and salinity fields, fluxes of salt and
heat, ice thickness distribution, etc., and their seasonal course (Fig. 1).
Calculations of seasonal ice thickness variations revealed sensitivity of
the results to description accuracy of thermohaline conditions under
the ice cover. As one can see from the calculation results,
consideration of thin ice somewhat increases area covered by the ice
cover, and it seems to be connected, first and foremost, with
insufficiently adequate description of dynamics and thermodynamics
of this thickness category.

2. Problem of Tangential Stresses.
The most widely spread form of wind stress and water drag
parametrization for purposes of sea ice rnodeling is thei~
.
a roximation using the quadratic law for relative veloc1ty. D1rect
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measurements of wind forcing on ice (Timokhov & Kheisin, 1987)
showed that the friction coefficient depended not only on wind speed
but also on atmospheric stratification in the layer adjacent to the ice
cover (Fig. 2). Solution of the problem of sea ice dynamics and
thermodynamics simultaneously with atmosphere and ocean
boundary layers is the most sequential procedure to determine the
wind stress and the water drag, as well as the turbulent heat and salt
fluxes. This procedure is very tedious for climatic models. Use of
parametric relationships for the atmosphere and ocean boundary
layers, universal functions of which are determined on the basis of
equations of the boundary layers (Romanov et al., 1987, Fig. 3), seems
to be of a more considerable promise. The tangential stresses and the
heat and salt fluxes for the climatic models can be calculated using
the universal functions in a tabular form. Roughness parameters for
the upper and lower ice surfaces are considered as defined, although
these physical constants should be functions of physical conditions of
the ice cover.
Especial difficulties emerge when we try to describe the ice cover
with a complicated relief. Partitioning of the roughness into two parts
is one of the methods to solve this problem. The micro-scale ice
roughness determined also by its thermophysical properties is
characterized by the roughness parameter Zo well known in
hydrodynamics. Complicated relief of the upper and lower surfaces, or
the macro-scale roughness, creates additional form drag. Considering
distortion of stream lines in the sub-ice layers in the process of flow
over elements of the macro-scale roughness as an additional work we
shall obtain the total tangential stress 't 5 being proportional to the
tangential stress 't for the level ice
'ts =(l+a)'t,
the parameter a depends on the square of magnitudes of the Fourier
series expansion of the ice cover relief. Numerical estimates of the
form drag determined by the roughness of the submarine relief give
increase of frictional force at the interface ice -water at 30 - 50% in
comparison with the level ice. The same estimates made for the upper
surface show increase of the wind stress for ridged sections of
multiannual ice at 15 -20% in comparison with the level ice.
roughness influence on turning angle seems to be insignificant.
3. Sea Ice Constitutive Law.
Analysis of balance of forces in the sea ice model carried out by
Steele M. et al., 1997, engages our attention because of secondary role
of internal stress gradients in comparison with the wind stress and
the water drag. Nevertheless, the internal stresses are the main reason
of ice deformation and, as a consequence, of variations of ice
thickness distribution function. In addition, reaction of coasts can be
transferre? b~ the internal stresses to long distances thus sufficiently
transforming Ice movement trajectories. Constitutive laws used in
numerical experiments (viscous, viscous- lastic elastic- 1
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allow us to simulate, within certain limits, ice cover behavior. Further
progress in description of ice cover evolution can be expected in
formulation of more advanced constitutive relationships.
As it seems to us, use of statistical mechanics procedures exhibit
the most promise for formulation of relationships between internal
stress work and changes of sea ice cover structure (Martynov, 1997).
We shall consider the energy balance equation and the Clausius Dugem inequality for a representative volume element (RVE)
containing statis~cal ensemble of ice floes (Christensen, 1979, Xie &
Squire, 1993):
( 1)

(2)

here

(J"iJ'eiJ,

-are components of the stress and strain tensors; p1]-is

the entropy per unit volume; f)- is the parameter of internal state of a
medium (temperature for the continuum); pr- is the internal energy
source or sink. We shall introduce the Helmholtz free energy (per unit
mass) <I>=U-1].9 . Ifwe represent <I> as an expansion in terms of
governing parameters e--·e·
. ,.9 (Christensen, 1979)
y
y

we shall obtain the following expression for the first invariant of the
stress tensor after some transformations and simplifications:
(j

=

ae + be - c .9'

and it represents the elastic- viscous model of the ice cover. This
formula coincides with that obtained earlier by calculation of sources
of energy dissipation under ice compression by means of ice floe·
condensation and ridging (Timokhov & Kheisin, 1987).
If we consider that the parameter S characterizes, for example,
energy of horizontal pulsations of ice drift velocities V'; averaged in
RVE, then cS

= ~(V(V{) represents the additional stress induced by

internal dynamics of ice floes. Some additional relationships should be
invoked in order to obtain a more general rheological model, in
particular, for energy dissipation at the expense of transformation of
kinetic energy of displacements, rotations and oscillations of ice floes
into wave oscillations of water and air and dissipation at the expense
of ice crushing.
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Fig.l. Calculated mean monthly ice thickness fields (upper) and ice thickness distribution
functions in some local points (lower) of the Arctic Ocean in Februa!y (left) and August
(right) of the year 1946. Thickness contours correspond to the thicknesses 0.1, 0.5, 1, 2,
3, 4, 5, 6, 7 m.Rectangle size corresponds to grid cell fraction covered by ice of a
particular thickness category. The thickness categories used in the model were as
follows: 1) 0- 0.1 m; 2) 0.1 - 0.3 m; 3) 0.3- 0.7 m; 4) 0.7- 1.2 m; 5) 1.2 - 2.0 m; 6)
exceeding 2 m.
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parameter, varies in the range from +lOO to -100, Ro- is the Rossby parameter, K- is
the von Karman constant (Romanov et al., 1987)
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Appendix 5.1

Variability in the Fram Strait Outflow
K. Aagard, A. T. Roach, R. Moritz, J. Meincke

Motivated by the climatic interest in freshwater export anomalies from the arctic, we
have measured ice draft and velocity from moored arrays in northern Fram Strait
during 1991-1996. The expected draft error is <I 0 cm.
We find a marked annual variation in draft with a peak-to-peak amplitude near 1.5 m,
the maximum occurring in summer and the minimum in winter. We can reproduce the
annual cycle by including the effects of the annual variation of thermodynamics,
thickness gradient, divergence, and velocity on a randomly sampled normal distribution
of upstream ice thickness. The thermodynamic tendency appears to dominate during
late winter, but in the spring and early summer the advection of thinner ice from the
east decreases and no longer overwhelms the advection of thicker ice from the north,
thereby giving a thickness increase tendency that significantly augments the
thermodynamic tendency. The result is clear local maximum in ice thickness at the end
of June. Subsequently, the ice thins rapidly through the combined thermodynamic and
divergence tendencies. The latter dominates, so that even after the thermodynamic
tendency has reversed sign in the early fall, the thinning of the ice continues. Later in
the fall, the divergence effect is augmented by advection of thinner ice from the east,
with the net effect that not until the end of the year does the thermodynamics reverse
the thinning.
The largest departure from the annual thickness cycle was a precipitous drop in
thickness the first summer, which only lasted a few months, however, before the mean
thickness reverted to the normal annual pattern. S SMII imagery shows that during the
anomalous period of decreasing summer thickness, the low ice concentrations
associated with the Northeast Water polynya over the Greenland shelf to the northwest of our section extended unusually far to the east. This would have reversed the
normal meridional ice thickness gradient, so that thinner ice was being advected
southward across our section.
We have found no annual cycle in the transport, but fluxes can vary by a factor of two
inter-annually, primarily because of changes in the transport velocity rather than in ice
thickness. Comparison oflow-frequency flux variability with the evolution of the
mean salinity structure in the Greenland Sea convective region during the 1990s
suggests that the former influenced the salinity distribution in the upper 800 m.

Appendix 5.2

Arctic Regional Ice Classes from Space and Relationship to Ice
Thickness Distribution
Josefino C. Comiso
NASA/Goddard Space Flight Center, Greenbelt, MD 20771

The thickness distribution of sea ice in combination with ice extent is key to a good understanding
of the response of sea ice to climatic change. To fully understand its impact, it is important that
thickness measurements are made in a systematic way since the ice cover is so vast and is made up
of ice floes with different environmental histories. Also, because of dynamics, it is also important
to keep track of locations of the same type of ice surfaces (Colony and Thomdike, 1985). Thus,
the random sampling of sea ice thickness for time series studies may not mean much unless
observations are done consistently in the same general ice region.
The Arctic sea ice cover is known to have passive microwave emissivities that varies with age,
salinity, snow cover, thickness, wetness, and roughness (e.g., Vant et al., 1978; Gloersen et al.,
1973; Tucker et al., 1992). Analysis of multi-channel passive microwave data indicates that data
points from similar sea ice regions tend to cluster together in multidimensional brightness
temperature space. The key regions, which we call "ice regimes," are the marginal ice zones
where new and pancake ice dominates, the seasonal ice region which is covered primarily by
young and first year ice and the perennial ice regions where multiyear ice is the dominant ice type.
The clustering of data points belonging to each ice regime is an indication that the microwave
emissivities of ice surfaces from the same ice regime are basically similar (Comiso, 1983).

In the Arctic, a few geographically coherent clusters have been identified in both perennial and
seasonal ice regions and have been observed to be persistent throughout the autumn and winter
(Comiso, 1986; Comiso, 1990; Comiso, 1996). Classification of sea ice surfaces based on these
radiometrically distinct clusters may provide a means to consistently characterize the different sea
ice regimes. The use of time series of derived cluster maps enables good interpretation of cluster
points in the seasonal sea ice region where new ice are formed and becomes young and eventually
first year ice. It is encouraging that the transformation of signatures corresponding to the
transformation of physical properties is evident from the time series maps. The signatures in the
perennial ice region are more difficult to interpret but are believed to be associated primarily with
the age of the ice (second year or older ice types) or with the state of the surface (i.e., deformed or
non-deformed). While physical transformations from one ice type to another (e.g., first year to
second year ice or second year to third year ice) are definitely going on, the corresponding
radiative transformations are not easy to detect since the boundaries of these different ice types are
not initially known.

'

To gain insight into the significance of the radiometrically distinct clusters in the perennial ice
region, eo-registered submarine sonar and aircraft passive microwave data (Wadhams, et al.,
1991) were studied. The latter data provide the classification of the ice regimes at a higher
resolution while the sonar data provide thickness distribution of each of the classified surfaces.
The results show that the regions with the lowest set of emissivities correspond to those with the
highest mean thickness and the broadest thickness distribution. As the ice cover gets older and
thicker, brine drainage is more complete and air pockets within the ice are more abundant. The
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presence of more (and possibly larger) air pockets causes more scattering and hence lower
emissivity. Ice which survived one or two summers may thus look radiometrically different from
those that survived several summers. Heavily ridged areas may also appear as distinct signatures
because the emission comes from a thicker and rougher freeboard layer. The area of each ice
regime in combination with thickness distribution of each regime, as can be inferred from upward
looking sonar data, would provide a very powerful tool for the characterization of the state of the
sea ice cover. Such information would enable a more accurate assessment of the thickness
distribution of the entire ice pack. It would also allow for an improved assessment of the mass
balance of and future trends in the ice cover.
Currently, a nuclear submarine has been dedicated primarily for Arctic research. The number of
upward looking sonars from fixed positions in the Arctic region have also increased. Data from
these projects will further improve our ability to better understand the significance ofthe
radiometrically different surfaces in the perennial ice region. The expected launch (in a year or
two) of the Advanced Microwave Scanning Radiometer (AMSR) which has more frequencies and
much higher resolution than current systems will also improve our ability to discriminate the
radiometrically different surfaces. Data from other systems such as infrared (e.g., AVHRR) and
Synthetic Aperture Radar (SAR) can also be assimilated to improved interpretation and
characterization.

Appendix 5.3

The warm under-surface layer and its role in the ice thickness growing in the
Arctic Seas

I. Ye.Frolov, Z.Af. Gudkovich

Ice thickness growing in the Arctic seas in winter period estimates the process of
sea ridding from ice cover next summer, and consequently, the navigation conditions
on the North Sea Route lines. Spatial ice thickness variation discovered everywhere is
estimated essentially by changing of the

ice f01mation sta1ting in time ,

by

correspondent changes of air temperature, fluctuations of snow cover depth and snow
cover density , by intensity of heat fluxes to the back ice surface from layers, which are
under it.
Thermodynamic ice cover models, the main ideas of which arc in monograph
(Doronin Yu.P., 1969) and used in some works, for

allow to take into consideration

~xample

in ( Frolov l.Ye .. l981),

first three factors from that mentioned above in

calculations of ice thickness distribution. Heat fluxes from water used to be associated
with the Atlantic water influence, which are under the surface arctic water in the Arctic
Basin and deep water twughs of some Arctic seas. Estimations of these fluxes value are
discrepant, changing within range from 1 Wim2 to 8 W/m2 . There were found the
significant ice thickness irregularity in the shallow water region, where there are no
Atlantic water (Fig. la) by AARI expedition in south-eastern Laptcv Sea in 1976. It
was considered that lowered ice thickness appears in the layer where significant amount

of heat was stored (Gudkovich Z.M., Gladkov M.G., Lukiyanchikov S.~l, 1979) in
preceding summer (This layer is arranged below the surface . homogenous layer of
lessened salinity) .
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Ship-based electromagnetic-inductive thickness measurements of
summer sea-ice in the Bellingshausen and Amundsen Sea, Antarctica
Haas, C. (Alfred Wegener Institute, Bremerhaven, Germany)
The capabilities of ship-based electromagnetic-inductive (EM) measurements of sea-ice
thicknesses using commercially available instruments is investigated. A Geonics EM31 and
a standard laser distance meter were suspended below the bowcrane of RV Polarstern
while moving through the ice. Comparisons with drill-hole determined thicknesses and
visual observations show that the system yields reliable thickness estimates (see Figure).
Yet, the system has a very limited lateral resolution which smooths draft profiles and
underrepresents maximum pressure ridge thicknesses at the tail of the derived thickness
distributions. Partly, this is due to principal restrictions in EM measurements, but also
reflects limitations of the particular EM instrument used.
Along a total profile length of 235 km, mean derived ice thicknesses were 1.3 m (mode 0.8
m) in the Bellingshausen Sea and 2.3-3.1 m (mode 1.6-3.1 m) in the Amundsen Sea (see
Figure).
From the measured apparent conductivity of ice of known thickness, the physical properties
of the perennial summer ice were deduced. The high porosity of the summer sea ice can
considerably limit the accuracy of EM soundings.
The study shows the great potential of ships to perform EM/laser thickness measurements.
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Figure: Ship-measured ice thickness distributions for the Bellingshausen and Amundsen
Sea, compared with results from drilling (circle: mean thickness; thick bar: standard
deviation; thin bar: min/max thickness).
Reference: Haas, C., 1997: Sea-ice thickness measurements using seismic and
electromagnetic-inductive techniques (PhD thesis, in German). Rep. on Poi.Res., 223.
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Small- and meso-scale ground-based measurements of sea-ice
thickness and morphology in the Eurasian Arctic
Haas, C., H. Eicken (Alfred Wegener Institute, Bremerhaven,
Germany),
M. Lensu (Helsinki University of Technology, Helsinki, Finland)
In the summers of 1993, 1995 and 1996 extensive electromagnetic-inductive (EM) sea-ice
thickness measurements were performed in the Eurasian Arctic (mainly Laptev Sea and
adjacent areas of the Arctic Basin). During the first two years the program was mainly aimed at
investigating the potentials of the EM method under different conditions. During the ACSYS
expedition of RV POLARSTERN in 1996, a larger data set consisting of 37 profiles of an
average length of more than 1 km was obtained on first- and second- year ice. The groundbased measurements were accompanied by surface levelling of pressure ridges and deformed
areas. The dataset thus provides an opportunity for the combined analysis of ice thickness
and morphology as well as determining thickness and roughness changes associated with the
transition of first- to second-year ice. The latter was also aided by means of ARGOS buoys
deployed in 1995, enabling the tracking of ice fields in both years.
Preliminary results show that
• the EM technique is very effective in determining small-and meso-scale ice thickness
distributions and distinguishing between different sea-ice regimes.
• second-year level ice exported from the Laptev Sea has almost reached equilibrium thickness
measured at older ice located north of Fram Strait (see Figure).
• the ice thickness distribution in the Laptev Sea is highly variable in different years and
strongly dependent on the large-scale drift pattern.
In 1995 and 1996 the ground-based surveys were complemented by laser altimeter
measurements of geometrical surface roughness to derive pressure ridge statistics and to
extrapolate the thickness data set over a larger area. Although the ice thickness in the Laptev
Sea differed considerably between those years, first results from analyses of the laser data
indicate only small differences in pressure ridge statistics.
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Modeling the Variability of Arctic Sea Ice Thickness
Markus Harder, Michael Hilmer, and Peter Lemke
lnstitut tar Meereskunde an der Universitat Kiel, Germany

e-mail: mharder@ifm.uni-kiel.de
The variability of the Arctic sea ice cover is investigated with a dynamicthermodynamic sea ice model including a viscous-plastic rheology. The model
covers the whole Arctic with a resolution of 11 0 km and a daily time step. Daily
atmospheric forcing (air temperature and wind) is derived from the NCEP
reanalyses for the 17 years 1979-1995. A high variability of the simulated ice
thickness pattern in response to the forcing fields is found. These variations are
investigated by calculating empirical orthogonal functions (EOFs) of the
deviations of monthly mean ice thicknesses from the long-term mean seasonal
cycle. The first EOF of the ice thickness variations explains 49% of the
observed variance. The spatial pattern of this EOF is a dipole with its maxima
in the Beaufort Sea and the East Siberian Sea. lt shows quite small values for
the central Arctic where the variability of the ice cover is small and only weakly
correlated over large spatial scales. A statistically significant correlation
between the first EOFs of the ice thickness anomalies and the anomalies of
vorticity and divergence of the wind field is found. This identifies wind field
anomalies as the major cause of typical ice thickness anomaly patterns. The
second EOF of the ice thickness anomalies explains 15% of the observed
variations. lt is correlated with the first EOF of air temperature anomalies. Thus,
ice dynamics caused by wind forcing is a more important cause of ice thickness
anomalies than thermodynamics related to temperature changes. As the
highest variability of the ice cover is found near the Canadian and Siberian
coasts, the investigation of natural sea ice variability requires that observations
in these regions be made available to the international scientific community.
The simulated transport of sea ice through Fram Strait, the most important
outflow of frozen freshwater out of the Arctic, has been calculated for all 17
years of the simulation. The long-term mean ice volume export 1979-1995 at
ea. sooN is about 0.074 Sverdrup, or 2330 km3 of ice per year. The annual
means for different years differ by up to a factor of two. The ice transport was
relatively small with ea. 0.06 Sv for 1984-1986 but exceeded 0.13 Sv in 1995.
Strong exports (~0.1 Sv) are found for 1981-1983, 1989, and 1994-1995,
possibly indicating an oscillation with a period of 6-7 years. Reliable estimates
of the Fram Strait ice export and its variability require long-term observations
on decadal time scales.
The roughness and age of sea ice are now included in some advanced largescale models (Harder, 1997. Annals of Glaciology 25, in press). These
variables are related to the volume fraction of deformed ice and ice type.
Measurements of ice profiles from submarines, moorings, aircraft~ etc. as w~ll
as observations of ice types and properties from space are r~qUired to vert!Y
the models and improve our physical understanding of the climate system Jn
polar regions.
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The ESA Ice Topography Mission
Johnny Johannessen
ESA-ES1EC

jjohanne@jw.estec.esa.nl
The ESA User Consultation Meeting in Granada in May 1996, and subsequent discussions in
both ESA's Earth Sciences Advisory Committee and ESA's Program Board, approved the
Topography Mission concept as a candidate Earth Explorer. The Earth Explorer Topography
Mission is intended to focus on three aspects of the world climate system, namely the oceans, the
sea ice and the ice sheets. These, in influencing trends in the planetary albedo, the oceanatmospheric heat flux, the ocean thermohaline circulation, sea level and the hydrological cycle,
play a fundamental role in determining the Earth's climate.
To achieve its objectives the mission would measure sea ice roughness and ice freeboard
variations on a seasonal to annual scale, permitting the determination of sea ice thickness
distribution and in combination with ice area motion estimates the determination of the
freshwater (ice volume) fluxes. In addition, seasonal elevation variations of ice sheet margins,
ice shelves and high latitude glaciers would be monitored, closing the cryospheric component of
the hydrological budget. It would also measure high latitude ocean variability, exploring
coupled ocean-ice-atmosphere interactions.
The observational requirements are summarized in Table 1. For the sea ice part, in particular, it
indicates that the horizontal resolution is about 100 m, while the vertical repeatability is 5 cm.
By temporal and spatial averaging this can in turn be reduced to about 1 cm for a one month
sampling period over a 100 km by 100 km area. There are two altimeter concepts, which could
meet these observation requirements. They differ significantly not only in their design and
interface requirements but also in the resulting mission profiles. Consequently the satellite
configuration is very dependent on the choice of instrument:
1) A single combined ice-ocean mission is possible by exploiting a microwave beam-limited
altimeter concept and adopting a 35 day repeat cycle; this orbit could be sun-synchronous.
Beam-limited altimeter performances can be achieved by the deployment of two pulse limited
radar altimeters in the cross track plane. By synthetic aparture radar processing along track
and interferometric operation across-track approximate spatial resolution close to the
observation requirements as specified in Table 1 is possible. The advantage of this concept is
of course the cloud independent capability, while the horizontal resolution may pose a
constraints.
2) In a dual satellite scenario the ice observations would be performed by means of laser . .
altimetry. This would not be subject to constraints imposed by the ocean part of the mtsston,
would be flown in an orbit providing a latitude coverage up to at least 86° and with a long
repeat cycle. The disadvantage of this concept is the cloud limitation, and poss~bly the effect
of snow cover masking the surface roughness. Ocean observations would m this case be
carried out by a conventional pulse limited radar altimeter satellite flying in a 82o orbit and in
a 35 day repeat cycle.
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In addition to the core payload both a microwave radiometer, a Global Navigation Satellite
System (GNSS) receiver and a laser retroflector would be required.
However, before the Earth Explorer Topography Mission is eventually selected for Phase A, it is
recommended to undergo further scientific studies to verify and close the observation
requirements. With regards to the sea ice roughness and ice freeboard measurements this will, in
particular, include -examination and quantification of a) the typical horizontal resolution needed
to resolve individual open water areas and in turn provide the reference surface for ice freeboard
estimates; and b) the need for precise estimation of the sea ice thickness and its distribution, and
in turn the importance of ice volume fluxes in climate modelling.

Ice Topography Mission

Topography Mission Observational Requirements
Sea Ice

Land Ice/Glaciers

Horizontal Resolution

lOOm

lOOm

5km

Vertical Repeatability

5cm

lOcm

3cm

No requirement

2cm

2cm

50 km at 65° latitude

30 km at 65° latitude

15 km at 75<> latitude

Temporal Sampling

I month

2months

10-35 days

Mission Duration

5 years

5 years

5 years

Mission Revisit Time

5 years

5 years

5 years

Minimum Latitude

50°

oo

oo

Desired Maximum Latitude

90<>

90°

82"

Acceptable Maximum

82°

82°

82°

No requirement

No requirement

No requirement

Vertical Accuracy
Across Track Sampling

Local Time

High Lat. Circulation
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Ice Flux through Fram Strait from Passive Microwave Ice Motion
RonKwok
Jet Propulsion Laboratory, MS 300 235
4800 Oak Grove Dr., Pasadena, CA 91109
email: ron@rgpsl.jpl.nasa.gov

We have derived 18 years of ice motion in the Fram Strait region from S"MMR and SSMI
passive microwave observations. From the ice motion, we compute the flux of ice area
through Fram Strait over this period. The flux gate is defined by the 80° parallel between
the north-east coast of Greenland and the west coast of Svalbard. The interannual
variability is quite high and varies between 500,000 km2/year and 1.2 million km2/year.
These observations also indicate an increase in the areal flux over this period. The
computation of areal flux is fairly sensitive to the flow profile through the Strait. We are
currently estimating the errors in these flux calculations. In the interim, we will also
compute the volume flux of ice through the Fram Strait using available ULS datasets.

Appendix 5.9

ACSYS Data Center for Ice Thickness Measurements
Terje Brinck LfJyning
Manager, Data Center
Norwegian Polar fustitute, Longyearbyen
The scope of this report is to give a brief overview of the background, history and status of the
ACSYS Data Center.
The mandate and role of the ACSYS Data Center for Ice Thickness Measurements are clearly
defined in the ACSYS fuitial Implementation Plan in the paragraph 3.2.3, Data Management:

The ACSYS repository for upward looking sonar (ULS) ice thickness measurements will be at
the Norwegian Polar Institute. Data must meet uniform standards, and will be submitted to
the repository as soon as they have been fully processed and corrected. Data standards,
including footprint corrections and sea surface referencing, will be promulgated through the
repository after recommendation from investigators.
In accord with general ACSYS data policy, ice thickness measurements will be made
available by the repository to all ACSYS investigators, but they can not be published or cited
without permisson from the principal investigator for a period of up to two years. After that
time, the data will be deposited with national or international data centers in a manner
which ensures easy access by the international scientific community.
I will here point out that the data series in question has to be analysed by the responsible
agency before the ACSYS Data Center receives them in a proper format (uniform standard).
The uniform standard has been agreed upon by ULS PI's in a workshop at the Norwegian
Polar fustitute in Oslo, june 1994, and it is included in the report from the Data Management
group during the workshop in this volume.
The first data series from a Norwegian ULS in the Fram Strait was retreived in 1988. Since
then the instruments and methods of analysis have been refined several times, in an effort to be
able to estimate the thin ice draft more accurately and thereby improve the statistics. Thin ice
and periods of open water are important for those who work with heat transfer between ocean
and atmosphere in the Arctic (i.e. climate modelling).
Several factors contributes to the ice thickness estimation errors. Two of them are the
estimation of speed of sound in the water column above the instrument, and the footprint of the
sonar beam.
fu the Greenland Sea the seasonal density variations can give a variation of the sound speed of
about 20 m/s. At 50m depth a diffence of 20 m/s in sound speed will give a difference of
0. 70m in ice draft. The density changes are seasonal in a statistical sense, and we use monthly
values for salinity and temperature to estimate the sound speed. An overestimation of the
sound speed will give thinner or even negative icedrafts, while an underestimation will give
thicker icedraft or ice drafts when there was no ice.
The sonar beam has usually an angle of about 2 degrees on most of the different ULS types ~
use today. The first ULS had an angle of 5 degrees. Dep_ending o~ th~ depth_s of the_ ~S tht_s
angle will make the circular sonar beam several meters Wide when tt h1ts the 1~e. Thts ctrcle 1s
called the footprint. It is the deepest part of the ice within the footprint that wtll reflect the
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signal back to the instrument, and by this there will be an overestimation of the ice draft. This
overestimation is called the footprint error.
At the Norwegian Polar Institute we use ordinary statistics and hypothesis testing in a semiautomatic way to detennine periods of open water and thereby offset values to improve our
measurements and estimations of ice drafts. Dependent on different ULS types and
manufacturers, other institutions have developed similar methods to improve their
measurements.
At the moment only the data series from the Norwegian Polar Institute are included in the Data
Center, which amounts to about 17 sonar years of data. We are aware of that the data series
from the Applied Physics Laboratory at the University of Washington will soon be submitted to
the repository, and hopefully the remaining data series located in Europe will come after. All
in all there are about 100 sonar years of measurements.
The availablility to the research community is at the moment still by tape and ordinary mail.
However, we are working at the moment to make the time series and statistics available by
internett and ftp in accordance with the mandate we was given. It will soon be announced to
the participants of the workshop by email.
In the future we need the time series from the other institutions to fulfill our role and mandate.
There is also a need for comparative studies of the time series, and cooperation within the
community to improve methods and statistics. We hope by this that the Data Center can be
helpful to the ACSYS community in their struggle to understand and explain important
physical processes involving sea ice.

Appendix 5.10

Scientific Interpretation of Sea-Ice Draft Measurements by Moored Sonar
Humfrey Melling, Institute of Ocean Sciences, Fisheries and Oceans Canada, Sidney, BC
melling@ios.bc.ca
The stated objective of the ACSYS sea ice program is the assembly of an observational base against
which dynamic and thermodynamic sea ice models may be evaluated (ACSYS Implementation Plan,
WMO/TD No. 627, 1994). Three activities are recommended: 1) Acquire a description ofthe Arctic icethickness regime; 2) Document variations on seasonal to decadal time scales; 3) Measure the export of ice
from the Arctic Ocean via Fram Strait. It is probably appropriate to amend the third activity to include ice
exported through the Canadian Archipelago, since this also exerts a controlling influence on the deep
convection regimes of the North Atlantic. Also not to be ignored are important links between the sea ice and
ocean circulation programs within ACSYS. In particular, an objective ofthe ACSYS Shelf Study is to
measure ice production in flaw leads, in order to improve understanding of the ventilation of the Arctic
halocline (the thermal shield for Arctic ice). In addition, the ACSYS Hydrographic Survey strives to
establish the net freezing/melting rate in various regions of the Arctic Ocean, so as to improve
understanding of the maintenance of Arctic upper-ocean stratification. Finally, beyond immediate
objectives which address the representation of the Arctic in global climate models, ACSYS provides an
excellent opportunity to study and understand for broader scientific reasons the mechanical and thermal
processes which control the ice-thickness regime.
At the Sea Ice Thickness Workshop in New Carrollton in 1991, the following 'wish list' for
information on Arctic ice was compiled:
• Ice thickness distribution over the Arctic basin and shelves
• Total volume of sea ice in the Arctic
• Seasonal cycles in ice thickness and total volume
• Geographic areas which support net ice growth & net ice melt
• Composition of Arctic ice by type
• Interannual variability of all of the above
The fact that this list bears a strong resemblance to the ACSYS requirement 6 years later is an
indication that the ACSYS sea-ice tasks are not a trivial undertaking.
Ice measurements are acquired from a mooring using a self-contained narrow-beam sonar, positioned
looking upwards from a depth of about 50 m, to observe a time series ofpack-ice draft by measuring
hydrostatic pressure and the echo time as ice drifts through the sonar beam. If ice velocity is also measured
by Doppler sonar, or other means, a topographic cross-section can be generated. In this talk I will identify
how moored sonar can contribute to the objectives of ACSYS, illustrate practical limitations in ice-draft
profiling by moored sonar, and suggest issues needing focused research.
Moored sonar is well suited to monitoring the aggregate properties of pack ice. Such instruments were
first used experimentally in the Beaufort Sea in the mid 1970's, and instruments of several designs have
seen routine use in the Arctic and Antarctic since the late 1980's. An appreciable inventory of ice-draft
observations has accumulated over this time, providing an increasing number of statistical data points to
assist in mapping the distribution of ice draft over the Arctic basin and shelves.
To determine the total mass of Arctic ice, it is necessary to interpolate the mean ice thickness between
the points in space and time contributed by moored and submarine sonars. For this purpose, the large-scale
correlation structure of ice draft must be known. At present, only numerical simulations can provide a
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picture of this structure. These indicate appreciable correlation over hundreds ofkilometers parallel to
coastal boundaries, but decorrelation over much smaller distances orthogonal to them. Such infonnation
should be exploited to guide future ice observation strategies within ACSYS.
Because of its capability to operate independently over long periods, moored sonar is the best
technology to identify geographic areas of net ice production & loss, and to determine seasonal and
interannual variability in ice draft distribution and total mass. Already a number of examples illustrating
these capabilities can be found in the scientific literature.
Moored sonar also offers the potential to refine the description of pack ice beyond the aggregate
statistics which are the basic objective of ACSYS. For example, level and deformed ice constitute separate
populations with distinct histories and physical properties. For this reason, separate thickness distributions
for these two populations have been maintained in at least one modelling effort to date. Moored sonar can
be effective in discriminating between level and deformed ice, if draft is sampled at intervals sufficiently
short that pack-ice Features are resolved and if ice motion is measured concurrent with ice draft, so that
Features may be identified. An example of this capability within first-year pack ice is shown in Figure 1.
For this demonstration, an expanse of ice has been judged level if it exceeds 10 m in extent, and has draft
variations no larger than 0.25 m from the mean.
Ice-Field Component

Similarly, since first-year and multi-year ice
- - - - Alllce
constitute distinct populations in pack ice, it could
--------· Levlllee only
again be advantageous to have separate thickness
pdf' s from observations for use in testing models
which maintain a distinction between ice types.
Ice-profiling sonars in present use have only a
limited capability to discriminate between firstyear and old ice, achieved through feature
identification (viz. level ice oflarge draft is old
ice). A draft-based approach has obvious
problems: rafted first-year ice can be confused
with multi-year ice; a draft-based discriminator of
~ ..J,---.-~--..~~..---.-......-~-..----.-~-r--..--~-t16
12
multi-year ice is useless for deformed ice; and
o
Draft of Ice (m)
first-year (i.e. unconsolidated) ridges may be built
Figure 1: Separated draft pdf's for level and deformed ice, derived
from old ice. It may be practical to generate
:from observations by moored sonar.
separate pdf s for first-year and multi-year ice types by integrating the statistical analysis of sonar profiles
with a time series of ice-type classification at the mooring site derived from satellite SAR imagery. Sate1lite
SAR can provide information on ice type on a scale of order 200 m. Aircraft-based SAR and side-scan
sonar have adequate resolution make ice-type distinctions on the scale of features (- 10 m).

to

An important issue in the use of both submarine and moored sonar in the observation of pack ice is the
relationship between the draft determined by sonar and the ice mass per unit area. Ice profiling sonar
measures the envelope of first returns from the underside of pack ice. It offers no capability to determine
the consolidation or porosity of
Average Mass per Unit
deformation features. Observations,
Area (kg m·2)
Fraction
of
Mean
Draft
principally from the Baltic Sea,
Lotver
Up]]er
(m)
Section
Bound
Bound
illustrate that the porosity of new ridges
Level lee
49.7%
1.73
881
881
and keels can be very high (at least 20Deformed Ice
50.3%
4.55
1877
2346
30%), and that the rate of consolidation
All lee
1OO"A:.
3.15
2758
3229
is relatively slow (months to years).
Table 1: Estimates ofthe separate contributions by level and deformed ice to the average ice
Since deformed ice is the principal
mass pel" Wlit area. Level ice is assumed to be solid, wheceas deformed features are assumed
contributor to Arctic ice volume, and
to be solid to derive the uppec bound for mass per unit area, and 80% consolidated to derive
the lower bound
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since first-year ice comprises approximately half the area of Arctic pack in winter (and noting that firstyear deformation features are not confined to first-year pack), unknown porosity contributes an appreciable
uncertainty to estimates of Arctic ice mass (see Table 1).
To meet the ACSYS goal of estimating the total mass of Arctic ice, statistics derived from twodimensional topographic sections must be extrapolated to three dimensions. To accomplish this, some
knowledge of the spatial correlation structure of ice-cover statistics is needed, as already noted. In addition,
any isotropy in the ice field sectioned by the moored (or submarine) sonar will contribute sampling bias to
estimates ofareal means and areal pd:rs (e.g. Key. 1993. IEEE Trans. Geosci. Rem. Sens., 31). It is
important that confidence estimates for statistics derived from sea-ice topographic sections include the
effects of topographic anisotropy ofthe ice field traversed. The obvious raw material for such analysis is
imagery from space-based radars. At their best resolution (25 m), these provide the capability to resolve
(almost) ridges and narrow leads in pack ice. The filigree of ridges and leads delineated by SAR can be
used to quantify anisotropy in surface properties, which (we hope) bears some relation to anisotropy on the
under surface observed by sonar. Qf course; side scanning sonar mounted on submarines, or rotary
scanning sonar on moorings could provide plan views of exactly the features sectioned by the profiling
sonar. Observations ofthis type have been pioneered by Sear and Wadhams (Prog. Oceanog., 29, 1992).
With further technological development, imaging sonars could be a most useful adjunct to the analysis,
interpretation and correct use ofice topographic. sections from sonar.
Moored sonar has much greater potential than simply the provision of ice-draft statistics to GCM
modelers. It can be used effectively to improve understanding of the physical PROCESSES involved in packice evolution, and to guide improvements in the PARAMETERIZATION of these processes in sea-ice models.
Some possibilities already demonstrated in the scientific literature include:
•
•
•
•
•

Thermodynamic ice growth in mobile pack and its relationship to the surface energy budget
Ice production in flaw leads and its significance for ventilation of the Arctic halocline
Evolution of ice-draft pdf in a quasi-controlled 'experiment' in the seasonal sea ice zone
Calculation of the redistribution function g(h) for ridging
Understanding the role of wind storms in dynamic and thermodynamic ice production

The present use of moored sonar for the measurement of ice draft is not without challenges. Foremost
among these is maintaining vertical control, so that ice draft values of useful accuracy may be obtained.
This is especially important for the thin ice forms which are of disproportionate significance to the Arctic
surface energy balance relative to their areal fraction. Uncertainties in the zero-draft reference are
contributed by changes in atmospheric pressure (1 0 cm at the very worst), by tilting of the sonar beam with
mooring motion (what is the effective beam direction?), and most importantly by changes in hydrography
which directly affect sound speed and density in the water column above the instrument. The seasonal range
of uncertainty associated with hydrography can exceed 50 cm at 50 m depth, and variations at tidal and
synoptic periods can easily be 5-10 cm overthe continental shelves. Uncertainties increase with increasing
depth.
The only effective means of correcting apparent draft values for changes in average sound speed and
density above the instrument is through the identification of open-water targets which by definition have
zero draft. TP.ese are very scarce and of small dimension for much of the year. They are also difficult to
distinguish from leads covered with new or young ice, since the target strength of the surface does not
change abruptly from open-water values with the formation of new ice at the surface. In vi~w of the_
ACSYS requirement for accurate measurements of ice draft pdfs, mass and transport, the_tssue oftce...draft
calibration needs careful attention for the effective application of both moored and submarme sonar
techniques to ACSYS objectives.
The interpretation of draft time series from moored sonar is complicated by the highly variable
character of ice movement. This-introduces a rlifference between draft -statistics derived from data at
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regular time intervals, and those from data at regular
increments in space. Over long periods of observation,
on might assume that statistics computed in both ways
would converge. However, because significant
changes in the ice cover occur on seasonal and shorter
time scales, averaging cannot be prolonged sufficiently
for this convergence to be effective. An example of the
differences related to choice of reference coordinate
(space or time) is presented in Figure 2 for 350 km of
section acquired over a 45-day period.
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Figure 2: Probability density of ice draft, from values interpolated to
sampling is biased to high-drift ~eed, and since leads regular incremarts alongihe curvilinear survey path (open boxes) and
at regular increments oftime (filled boxes).
are most common under such conditions, also to high
lead fractions. In the Beaufort Sea, ice drift exceeds 0.25 m s-1 only about 10% ofthetime, but 50% ofthe
ice section is surveyed at higher speeds. Because the statistical decorrelation of ice draft is a function ofthe
spatial not temporal separation of data, non-uniform ice motion makes it difficult to assess the statistical
independence of consecutive ice-draft observations, and thus to estimate confidence limits for statistical
measures derived from time series.

In certain areas of the Arctic, such as the central Beaufort gyre, coastal fast-ice zones and the channels
of the Canadian Arctic Archipelago, the total distance travelled by ice in a year may be quite small. In such
areas, moored sonar may not be the most effective technology for ice draft observation.
Two problems, common to both moored and submarine-based ice-profiling techniques, arise in areas
oflow ice concentration. Waves in open leads, and swell penetrating marginal ice zones, cause appreciable
variations in the echo range with negligible effect on a pressure sensor at depth. The rapidly fluctuating
range to the surface can be misintetpreted as a presence of ice, particularly if aliased through use of a low
sonar ping rate. Under windy conditions, clouds of air bubbles generated by breaking waves are spurious
targets within the range of draft anticipated for sea ice. Intetpretative problems introduced by bubble
clouds can be reduced by careful sonar design (high frequency, short pulse, optimized gain), but never
completely eliminated because the density of air bubbles is a very strong increasing function of wind speed.
When Doppler sonar is used for the tracking of ice drift, surface movement cannot be measured in
open leads because ofthe complicating effect of spatially aliased wave orbital motions. If a lead is narrow,
its drift speed can reasonably be intetpolated from values measured beneath adjacent ice. However, for
wide leads this is not defensible, and reliable estimates of open-water fraction cannot therefore be obtained
at low ice concentration. The same limitation of multi-beam Doppler sonar also creates problems under
badly fractured ice. Adequate precision in speed measurement is attained by averaging Doppler spectra
over many pings. In fractured ice fields, good Doppler returns from ice will be averaged with poor data
from ice-free areas, so that ice-drift measurements are either imprecise or unusable. In such conditions,
data recovery can be optimized by using frequent ping ensembles of short duration.

Summary
Moored upward looking sonar can make an effective contribution to the objectives of the ACSYS sea
ice pr~gram as a low-cost option for the acquisition of ice-draft data at specific locations. It is very
effecttve_forthe studyof:temporal ~riation on all time scales, and, in conjunction with ice-velocity
observattons, for measurmg the honzontal transport of ice mass. It is not the best approach where ice
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movement is sluggish, nor in remote areas difficuh to access by surface ship or aircraft. Ice-draft time
series will be most amenable to meaningful interpretation when acquired in conjunction with observations
of ice motion.
Ideally, data from moored sonar should not be analyzed in isolation. High resolution plan views
(Radarsat, ERS-1) can be used to assist in draft calibration (viz. identification of open water), and to assess
spatial anisotropy in the ice field sectioned by the sonar. Lagrangian drift trajectories (Arctic Buoy
Program) can indicate the geographic origin(s) of ice observed. Eulerian displacement (Doppler sonar and
ASF GPS) can provide a horizontal spatial co-ordinate to time series of ice draft, and can document the
kinematic history which has contributed to the topographic features observed by the sonar.
Since the draft measurements derived by sonar are most closely related to ice mass per unit area, it is
worth considering whether ACSYS should be talking about this parameter in preference to ice thickness.
The latter is related to draft only through a variety of imprecise empirical correlations. Is it really necessary
that sea-ice models be formulated in terms of ice thickness? Would overall uncertainty be reduced if ice
mass per unit area (the original meaning of ice 'concentration', now considered synonymous with
'compactness') were used instead?
The pursuit of ACSYS sea-ice monitoring objectives will yield a wealth of data for exploring pack ice
parameterization, and the processes which are responsible for the present state of Arctic sea ice, provided
that suitable ancillary observations are available. For example, ocean salinity and geochemical tracers both
retain an imprint of ice growth and melt. Much can be gained if ACSYS sea-ice objectives are pursued in
collaboration with other ACSYS observational initiatives, particularly within the hydrography and oceancirculation programs.

Suggestions
Not all sea ice of thickness 'X' is the same. The relationship between the draft and ice mass in ridges
is uncertain to the extent that ridge consolidation is unknown. This is an significant constraint on the
accuracy with which the Arctic ice budget can be determined. Research is required to develop better
methods for the measurement of ice ridge consolidation. An initiative to improve observations and
modelling of the evolution of sea-ice ridges should also be encouraged.
Ice draft responds to the over-burden of snow (or melt water) in addition to the mass of sea ice
present. Snow contributes ice mass and modifies the radiative and sensible heat fluxes at the surface, but
has negligible strength. Since the contribution of snow burden to draft cannot be determined by sonar, its
presence is a source of uncertainty in the use of observations in models. Melt water similarly contributes to
draft but not strength, and influences latent and radiative heat transfers at the surface. Study of snow and
melt-water in co-ordination with ice-draft profiling should be supported.

Appendix 5.11

SoUND SCATTERING FROM SEA ICE: ASPECTS RELEVANT TO ICE-DRAFT
PROFILING BY SONAR

Humfrey Melling
Institute of Ocean Sciences, Fisheries and Oceans Canada, Sidney, BC
Accurate discrimination between thin ice and open water using sonar is an important practical concern for the
calibration of ice-draft observations, and for the use of ice-profiling sonar in climate-related studies of sea ice. For
the thick ice floes and deep keels which have traditionally been the targets of greatest interest, useful draft
observations can be obtained from the travel time of echoes with relative ease. However, useful measurements for
Time (hours)
thinner ice forms are a challenge, because
4:00
5:00
establishing an accurate zero reference for
"'o:oo
1:00
2:oo
3:oo
draft in an ever changing marine
IG
environment is difficult. Ultimately, the
SI
time varying range which is the reference ~
for zero draft must be fine-tuned on the
,ga. ....~
basis of the apparent draft of areas of open
~
water found in the record. How can these
;1;
be distinguished from areas of thin ice,
0
when the exact travel time of echoes from
0
0
the sea surface is not known?
~~ .. ~~~~~~~~~--~~·~·~~ ~
?"

To guide improvement of the
surface-detection algorithm used by iceprofiling sonar, a narrow-beam 400 kHz
sonar was used to record over 1 million
surface echoes from pack ice in the
Beaufort Sea during the winter of 199596. A wide range of surface conditions
were observed between freeze-up and late
winter.
Large fluctuations in the amplitude of
successive echoes were observed for all
types of target. There was little obvious
correlation between the amplitude of
individual echoes and the nature of the ice
target. The empirical probability density
was clearly asymmetric. Neither a
Gaussian curve, expected for coherent
return from sea ice, nor the Rice and
Rayleigh curves predicted for incoherent
returns (Stanton et al., 1986) can provide
suitable fits to the data. Log-normal curves
are the best representation for all targets
including open water, uniform growing
first-year ice and ridge keels.
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apparently precluded by
the narrow beam of the sonar. On average, the return from the air-water interface was much stronger than that
from the ice-water interface, provided that the ice was thicker than about 0.2 m. However, the surface scattering
coefficient decreased only gradually from open-water values as the ice thickened. This absence of an abrupt change
in average backscattering coefficient when ice forms at the surface prevents a reliable classification of targets using
echo amplitude. Also, since the range of random fluctuations in backscatter amplitude (20 dB for level ice) was
comparable to the difference in median scattering coefficient between calm open water and thick ice, a single
amplitude measurement has little value for target identification.
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An improved capability to identify targets using echo strength could be acquired by averaging the amplitude

of successive echoes. However, independent amplitude values are obtained only from non-overlapping sonar
footprints, which typically have a diameter of a metre or more. As a consequence, the spatial scale at which
averages become useful (50 m for 50 samples) is larger than the dimension of most of the constant-draft targets
present in Arctic pack ice (Melling and Riedel, 1996).
A clear observed trend towards a lower backscatter from sea surface as the wave height (or equivalently wind
speed) increased also complicates the use of a fixed amplitude threshold to identify open water. Another difficulty
is manifest in bubble clouds which are injected beneath the surface by breaking waves under ice-free conditions
(Melling et al., 1995). Because these clouds scatter sound strongly, they are easily mis-identified as sea ice. The
incidence of such errors can be reduced by using a sonar frequency above 200 kHz and by minimizing the beam
width and pulse length. However, it cannot be eliminated completely because bubble scattering increases as the 7tJJ.
power of wind speed (Dahl and Jessup, 1995)!
Distinguishing thin ice from open water using ice-profiling sonar remains an important practical concern in
the time-varying calibration of this instrument for use in climate-related studies of sea ice.
Dahl, P.H. and AT. Jessup, On bubble clouds produced by breaking waves: An event analysis of ocean acoustic measurements_
Journal ofGeophysical Research, 100(C3), 5007-5020, 1995.
Ganison G.R., R.E. Francois and T. Wen, Acoustic reflections from Arctic ice at 15-300 kHz. Journal ofthe Acoustic Society
ofAmerica, 90(2), 973-984, 1991.
Jezek, K.C., T.K. Stanton, A.J. Gow and M.A. Lange, Influence of environmental conditions on acoustical properties of sea ice.
Journal of the Acoustic Society ofAmerica, 88(4), 1903-1912, 1990.
Melling, H., P.H. Johnston and D.A. Riede1, Measurement of the draft and topography of sea ice by moored subsea sonar.
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Statistical Processing of Ice-Draft Observations
from Moored Sonar
Humfrey Me/ling
Measurements of ice draft are acquired by moored upward-looking sonar at regular intervals in time. The
corresponding spatial separation of the observations across the pack ice is variable, since the speed of ice
drift changes in response to tide, wind and ice conditions. At times when ice drift ceases, repeated
observations of a single target are acquired; in the western Arctic, the pack is motionless as much as 50% of
the time during winter. In contrast, ice-draft observations from submarine are acquired at regular spatial
intervals, since the ping rate and the speed of the ship are constant (ignoring relatively small changes in ice
drift during the submarine passage). If observations by both submarine-mounted and moored sonar are to be
complementary in ACSYS, a consistent method of computing statistical measures of ice draft must be
adopted.
It is possible to map time series of ice draft measured by moored sonar onto a spatial co-ordinate, if ice
velocity is known. If the resulting sequence at irregular spatial increments is re-sampled at a regular spacing,
an analogue to submarine observations can be obtained (see Melling et al., 1995).
The following figures depict statistical measures computed from the same observations in two different
ways. The upper frames were derived from observations made at 10 s intervals, mapped to a Eulerian
progressive vector from ice drift tracking using Doppler sonar, and re-sampled at 1 m spacing. These
observations have been discussed by Melling and Riedel (1996). The lower frames display statistical
measures calculated according to recommendations of the Arctic Ice Thickness Monitoring Project from a
meeting at the Norwegian Polar Institute in June 1994: the statistics are computed for 7-day periods using
observations at 5-minute intervals. For this purpose the time series of Melling and Riedel (1996) was subsampled at one-thirtieth the original rate.
In the plots of mean, standard deviation and mode, note the following:
•

The two versions of the mean can differ appreciably. Confidence limits cannot be computed for data at
regular time increments, since the de-correlation time depends on the (unknown) speed of ice drift.
Confidence estimates for the spatially referenced statistics are plotted (vertical bars), based on a decorrelation distance of 100 m
• The principal modes found using either processing path are equivalent. However, spurious modes
frequently appeared in the time referenced statistics at drafts at high as 9 m (not plotted here). These
appear when ice slows or stalls over the sonar
• A close dependence of standard deviation on mean is apparent for the spatially referenced, but not for the
time-referenced statistics
The probability density displays a consistent dependence on draft and on time when computed using the
spatial series, but not when using the temporal series; note that in the latter case, curves for two consecutive
7-day periods are plotted using the each pair of axes. For some periods there are spurious modes at high
draft; during others, very little change in draft was observed (see 5-19 December and 13-27 February, where
the arrow indicates the only populated draft bin). Most of these irregularities can be attributed to the highly
variable de-correlation time for ice draft in time series measured by moored sonar. The irregularities vanish
when observations are processed in the spatial domain.
Melling, H., P.H. Jobnston and D.A. Riedel. 1995. Measurement of the draft and topography of sea ice by moored sub-sea sonar.
Journal ofAtmospheric and Oceanic Technology, 13(3) 589-602.
.
.
Melling, H. and D.A. Riedel. 1996. Development of seasonal pack ice in the Beaufort Sea during the wmter of 1991-92: A vtew
from below. Journal ofGeophysical Research, 101(C5), 11975-11991.
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Seasonal and Multi-Year Variability of Sea Ice Thickness in the
Arctic Basin Measured by Elastic-Gravity Waves --1972-1992
A. P. Nagurny
Arctic and Antarctic Research Institute
3 8, Bering Street
1993 97 St. Petersburg, Russia
E-mail: aaricoop@aari.nw.ru
Sea ice is a result of complex integral interaction between the atmosphere and the
ocean. Therefore, variations of the ice cover parameters contain a long-term signal
that reflects changes in the atmosphere-ice-ocean climatic system at high latitudes.
Continuous monitoring of sea ice parameters allows one to assess the climatic trends.
The feasibility of evaluating the ice cover parameters in the ocean, based on the theory
of sea ice vibrations with seismometers and tiltmeters began at Soviet and American
drifting ice stations (Crary and Goldstein 71957; Hunkins,1962; Sytinsky and
TripolnikovJ 1964). Such measurements, together with theoretical estimates and
modern signal transmission via satellite, are grounds to hope for a successful
automated continuous monitoring of sea ice thickness, which is one of the most
important parameters of the Arctic climatic system.
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Sea Ice Thickness Measurements with
a Helicopter-borne Electromagnetic Sensor
S. J. Prinsenberg, I. K. Peterson
Ocean Sciences Division
Bedford Institute of Oceanography
P.O. Box 1006, Dartmouth, Nova Scotia
Canada, B2Y 4A2

and

J. S. Holladay
Aerodat Inc.
6300 Northwest Drive
Mississauga, Ontario
Canada, IAV 1J7

Abstract

Ice-plus-snow thickness profiles collected using a helicopter-borne electromagnetic sensor and laser
proftlometer are assisting the Canadian Coast Guard with icebreaking work and the Canadian Ice Centre with
identifying ice signatures in RAD ARSAT SAR imagery. The sensor, called the Ice Probe, is capable of
measuring snow-plus-ice thicknesses to a 10cm accuracy as well as surface roughness and bulk ice
conductivity which distinguishes first-year from multi-year ice. In validation of ice signatures in RADARSAT
SAR imagery, the ice thickness, surface roughness and RADARSAT data are eo-registered using ice drift
data from satellite-tracked ice beacon. The Ice Probe's ice thickness and surface roughness measurements are
consistent with traditional interpretation of SAR imagery: dark-toned floes are associated with low ice
thickness variability and represent smooth undeformed ice, while the surrounding brighter areas are
associated with high ice thickness variability and rough surface topography. Dislributions of EM-measured
ice thicknesses from dark-toned areas are in good agreement with distributions of ice thickness measured
through augered holes in undeformed ice.
Introduction

Late winter surveys along Canada's coasts have been conducted since 1991 to improve and test a helicopter-borne
electromagnetic (EM) sensor to collect pack ice thickness and surface roughness data. This data has also been used
to identify and validate ice signatures observed in ERS-1 and RADARSAT SAR imagery. This note presents a
comparison of EM and augered ice hole measurements from the Canadian Archipelago (1995) and an example of
the use of EM measurements from the Gulf of St Lawrence (1996) to verify ice signatures RADARSAT SAR
imagery.
Instrwnentation and Field Calibration

Ice-plus-snow thickness and surface roughness data can be measured using an electromagnetic (EM) sensor and
laser profilometer contained in a bird towed beneath a helicopter 15-30 m above the ice surface (Rossiter and
Holladay, 1994). The EM sensor measures the height above the ice-water interface by determining the distance to
the nearest conductor, sea water in this case. The laser measures the height above the snow surface. From these,
snow-plus-ice thicknesses are calculated in real time with an accuracy of 5-10 cm. The Ice Probe used in this study is
instrumented with a GPS-based attitude reference system so that laser height and EM data can be accurately
corrected for bird pitch and roll. The footprint radius of the EM sensor is comparable to the height of the sensor
above the ice surface, 15-30 m while the footprint of the laser is less than .005m at that altitude.
Each winter ice thicknesses obtained by the Ice Probe are checked against ice observations through ice holes along a
marked line. Fig. 1 shows an example from the Canadian Archipelago (1995) when the calibration line spanned
from flat first-year ice (FY) into a multi-year (MY) hummock field. Over the flat FY ice the Ice Probe observations
agree closely to the ice hole data. They, and agree with the range of thicknesses measured in the MY hmnmock field
where thicknesses vary greatly over the EM sensor's footprint and no one-t(K)Ile correlation between Ice Probe and
ice hole measurements can be expected. The Fig.1 also shows the capability of the EM sensor to distinguish between
FY and MY ice by using the observed bulk sea ice conductivity. The FY ice's conductivity is higher ~ue to its
salinity content which ranged from 5 to 8 ppt where as the MY ice was mostly made up of freshwater tee.
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Fig. 1. Comparison of Ice Probe (line) and ice hole data ( + ice only and *ice-plus-snow) from FY and MY
ice along a 650m marked line. EM data is plotted as a mean (line) and as STDs (bars) of 10 separate data
sets. Top panel shows the bulk sea ice conductivity and bottom panel the ice thicknesses.
Ice signatures in SAR imagery

Between February 27 -March 7, 1996 the Ice Probe was used in the Gulf of St. Lawrence to identify and validate ice
signatures in RADARSAT SAR imagery. The pack ice consisted mainly of relatively flat, thin first-year ice with
varying degrees of ridging and little snow cover. In order to eo-register the Ice Probe data with the RADARSAT
imagery, ice drift was monitored using 17 satellite-tracked ice beacons deployed on the ice by helicopter. Some of
the ice beacons were equipped with GPS receivers and provided hourly positions with an accuracy of about 40
m. When posSible, the Ice Probe data were repositioned using SLAR data collected by the Dash-7 of Environment
Canada, by manually tracking features in the SLAR and SAR imagery near the end-points of the flight lines.
A ScanSAR Narrow RADARSAT image acquired on March 6, 1996 (10:26 Z) for the Gulf of St. Lawrence region
was corrected for banding using an ad-hoc calibration curve derived from an all-water scene to the south from the
same pass. A subscene of 64km by 64km (Fig. 2) contains many large dark-toned floes surrounded by lighter-toned
areas and a few dark leads with ice thickness profiles from Flight 53, lines 10050-10080 superimposed. The
thicknesses shown were sampled at 10Hz, or about every 4-5 m. The profiles measured over dark-toned floes
(segments B and C) are clearly less variable and contain fewer high ice thicknesses than the profiles
measured over the brighter areas in the SAR image (segments A and D). The high-pass filtered laser
proftlometer record is also less variable over the dark-toned floes. Ice thickness distributions for segments A,
B, C and Dare shown in Fig. 3. For segment B, 65% of the observations are between 30 and 50 cm; a peak is
also seen at these thicknesses for segment C. For segments A and D however, the ice thickness distributions
appear to be bimodal, with peaks at both 30-60 cm and 70-90 cm.
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I

25km

Fig. 2. A 64 km by 64 km RADARSAT SAR image with EM-measured ice thickness profiles superimposed;
the vertical scale denotes 4 m thickness. Thicknesses were sampled at 10Hz(- 4-5 m).© CSAIASC, 1996

Ice-plus-snow thicknesses were also measured directly through holes in the ice. A total of 91 holes were
drilled at 14 measurement sites, mostly large first-year floes where ice beacons were deployed. In general
snow thicknesses were low, ranging from zero to a few centimeters, and ice salinities at surface and 10 cm
depth were 0-1 ppt to 0-2ppt respectively. These low salinities were probably due to brine drainage and flushing by
rain and melted snow during the warm period that occurred in late February.
The ice thickness distribution from augered holes (Fig. 4a) shows that 60% of the observations were between
30 and 50 cm, and is similar to the distribution of ice thicknesses from segment B (Fig. 3) obtained over a
dark-toned floe. From the ice thickness distribution for all Ice Probe measurements plotted in Fig. 2, the ice
concentration is 0.94 assuming thicknesses less than 10 cm are open water (Fig. 4b). For the remaining
thicknesses, only 28% of the observations are between 30 and 50 cm indicating that a large portion (72%) of
the ice cover was deformed ice. The mean and median ice thicknesses from the auger holes are 49 and 42 cm
respectively, while the mean and median ice thicknesses from the Ice Probe are 72 and 62 cm. Thus assuming
the auger measurements are representative of undeformed ice, and the EM-measurements represent both
deformed and undeformed ice, the overall mean ice thickness is 50% higher than that of undeformed ice.
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Discussion
The helicopter-towed lee Probe consisting of an electromagnetic sensor and a laser profilometer, is capable of
measuring snow-plus-ice thicknesses to a lOcm accuracy as well as surface roughness and bulk sea ice
conductivity for distinguishing f"rrst-year from multi-year ice. The ice thickness measurements obtained with
the Ice Probe are consistent with traditional interpretation of SAR imagery in that dark-toned floes are
associated with. low ice thickness variability and represent smooth. undeformed ice, while the surrounding
brighter areas are associated with more variable ice thicknesses. When used in combination, RADARSAT
imagery can provide information on the spatial extent of areas having similar ice thickness distributions,
while the Ice Probe can provide quantitative information on the ice thicknesses in these areas.
Since ice thickness data from the Ice Probe are now being collected and used by Environment Canada ice
observers, it is important to consider how this data is being incorporated in ice charts. Traditionally, ice types
in ice charts have been considered level and undeformed, with. traces of thicker ice present (Environment
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Canada, 1992). However the data presented here, as in a previous study off Newfoundland (Holladay, 1990)
suggest a considerably higher proportion of the ice cover is deformed ice. While for navigational purposes it
is desirable to convey the proportion of thick defonned ice, for climatological purposes it is desirable that the
charts be historically consistent, or at least that the temporal bias be known.
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Topside Observations with EM, Radar and Laser
by Prinsenberg and Haas

.

Since the "Sea Ice Thickness Wo!Kshop" in New Carrollton, Maryland (1991) air-and ship-borne
electromagnetic-inductive (EM) technology for sea ice sounding has matured to such a stage
that EM sensors have been increasingly employed on scientific surveys to measure sea-ice
thickness and surface roughness (Rossiter and Holladay, 1994). Measurements can be obtained
either directly from the ice-snow surface, where an EM instrument is carried or pulled with a
sledge (Kovacs and Morey, 1991, Haas et al., 1997), or from above the surface by means of
helicopters (Kovacs et al., 1987, Prinsenberg et al.,1996,) orfixed~wing aircraft (Multala et al.,
1995).
The EM sensor measures the height above the ice-water interface by determining the distance to
the nearest conductor, sea water in this case. The laser measures the height above the snow
surface. From the difference of these distances, snow-plus-ice thickness are calculated in real
time with an accuracy of 5 to 10 cm. Airborne systems are flown in heights of 15 to 30 m. EM
measurements can accurately determine the thickness of level ice and the spatial distribution of
pressure ridges (Rossiter and Holladay, 1994). Yet, due to the footprint of the measurements
maximum keel depths are generally underestimated. This lack of lateral resolution increases with
increasing instrument height above the ice surface (Kovacs et al., 1995). However, the mean
thickness (volume) across a complete pressure ridge can be determined. In general, EM
measurements distinguish different ice regimes well and can monitor temporal ice thickness
variations; in addition, they can distinguish first-year from multiyear ice through measurements
of bulk sea ice conductivity.
Two airborne systems have been used operationally. A helicopter-towed system owned by the
Canadian Coast Guard is operated every winter to aid ships traffic and to validate satellite
remote sensing data in the Gulf of St. Lawrence and Labrador Sea (Prinsenberg et al., 1996 and
Peterson et al., 1997). General ice thickness information of the Baltic Sea has been derived from
a fixed-wing aircraft of the Finnish Geological Survey (Multala et al., 1995). As with airborne
measurements always a laser altimeter is used to determine the system height above the ice
surface, analysis of the laser data for pressure ridge statistics can be performed to partially
compensate for the lack of lateral resolution of the EM measurements. The use of airborne
systems is suitable in near-shore seas, but can also be performed far offshore, if a ship is used
as a base for a helicopter. Haas (1997 and submitted) has generally demonstrated the
usefulness of icebreaking ships to directly carry any EM/laser system. As this allows for a very
small instrument height above the ice surface, the lateral resolution can be significantly
improved.
The advances made with the EM/laser technology are now at a stage where this technique can
complement ice thickness data being collected by ULS and submarines in the Arctic. While EM
measurements should be reliable throughout the Arctic at any season (Haas et al., 1997), in
Antarctica they may be hampered by highly increased ice conductivities during summer (Haas,
1997 and submitted). An additional issue to be resolved when using laser profilometer is its
inability to distinguish between snow drifts and ridges. Although some sonar/laser bottom/top
comparisons have been carried out for multi-year pack, study of this i~sue is d_efinitely r?quired
for the first-year ice if the laser is to be a big contributor to ACSYS. F1rst-year 1ce occup1es
approximately half the extent of Arctic pack in winter.
The use of radar altimeter and the interpretation of the laser data now routinely collected as part
of EM system still needs more maturing before they become routine data sources. Radar
appears to have the capability to measure snow depth when used from same platforms as the
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EM sensors. At the present time however the radar has to be flown on its own as the EM seems
to interfere with the radar returns. Flown alone the radar echoes from the snow and ice surface
can be used to measure snow depths deeper than 15cm to Scm accuracy. Laser data has been
found valuable to determine sea-ice features seen in SAR imagery. There appears also some
hope of obtaining freeboard data and thus the possibility to deduce ice thickness.
An advantage of topside profiling is that ridge sails are often distinguishable even when ridges so
close together that their keels are not. More important, laser profilometry is a rapid and relatively
cheap way to quantify ridging so that, with several successive flights, one can observe those
changes in the ice field captured in the ridging rate. The profilometer is also almost necessary
for reliable EM results.
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Comparing Ice Thickness Distributions in Models and Submarine Data

by
D.A. Rothrock, J. Zhang, and Y. Yu
How well do sea ice models represent ice thickness? A superlative answer could be obtained
by comparing model output to the 20 years of historical submarine ice thickness data about to be
released. What we show here is a comparison between a model and submarine data from just one
month: September 1993 on a SCICEX mission. Figure 1 shows the track from which we have
data. From the model we extract the data along the same track and at the same times (over a
period of about a week), so that the model data subset is as comparable as can be to the observational data set.
Table 1 shows several means and standard deviations of ice thickness. First we ask how much
of the signal (ice thickness variation) contained in all the model output is seen in the model output
for the '93 track? Examining 15 years of ice thickness model output everywhere there is more
than 25% ice concentration (in the first line of the table), we find a variance of 2.4 m2• When we
limit the model output to just the '93 track (in the second line), we find a variance of 1.0 m2 • So,
the variance in our test data set is less than half that seen in the entire model behavior; it's a decent
test but certainly doesn't test the whole range of model behavior. Note also. that the '93 model
subset has a lower mean than the model output as a whole, because it is from the end of summer
when ice is thinnest, and it does not sample the thickest part of the ice cover north of the Canadian
archipelago.
Table 1. Comparison statistics from model and from submarine observations of ice thickness.
mean thickness
(m)

standard deviation
(m)

variance
(m2)

Model, everywhere

3.2

1.6

2.4

Model, '93 track

2.5

1.0

1.0

SCICEX observations, '93 track

2.3

0.8

0.6

Model minus observations,
'93 track

0.2

0.9

0.8

Figure 2 shows the observed thickness distri~ution. statistics r~presented along the v~rtical
axis versus position along the '93 track. The median thickness vanes from near zero at C m the
southern Beaufort Sea to 2.9 m at F, north of Greenland. Quite surprising is the low mean
between A and B in the "central Arctic." This seems to be an unusual thinning also observed on
ship expeditions in the early '90s. A similar l~w thickness appears in the model, but at position A,
as seen in Figure 3 which shows the mean thickness from the ~odel and from SCICEX.
..

How similar are the two curves in Figure 3? Qualitatively, there appear some gross similarities as well as some large differenc~s. Bo~h data sets in F~~~ 3 ~ave be~n smoothed; o~er 40 k~,
the cell size of the model, and it is mterestmg that the vanabll1ty. m both SI~als has similar spanal
structure; the model does not look like a idealized, smooth versi?n of reality: !he segments D to
G of the track look similar: a large increase from D to E. and a h1gh but dechmng ~evel from ~ to
G. The largest differences occur at C in the Beauf?rt.Sea where the model has the Ice e~ge a httle
too far north, and at A where the model has put thm Ice at A that appeared closer to B m the Sll;bmarine observations.
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Table 1 shows some statistical comparisons between modeled and observed thickness: the
means differ by 0.2 m, less than 10% of the mean thickness. The model has more variance than
the observations (Table 1) and a greater range (Figure 3). The squared correlation (covariance
divided by the standard deviations of each curve) between the two curves is 0.5. This modest correlation allows the variance of the difference to remain higher than the variance in the observations. (With zero correlation, the variance of the difference would be the sum of the variances of
both data sets.) What accounts for the low correlation? Examining the concentrations of three ice
thickness categories-ice less than a meter, ice between 1 and 4 m, and ice thicker than 4 m-we
see that the model generally overestimates mean ice thickness from A to E because it overestimates the concentration of thick ice by about 10%. This is in spite of the excessively thin ice at C.
The model underestimates mean thickness from E to G because it overestimates the thin ice concentration by 20 to 30% whereas it gets the concentration of thick ice about right.
What a pleasure it will be to obtain ice draft statistics from 20 years of submarine cruises and
make much more thorough comparisons between real and modeled thickness. With this new standard we can test models and learn how to improve the model physics and their thermodynamic
and momentum forcing data in ways that improve their agreement with observations .
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Fig. 1. The September 1993 SCICEX submarine track
from which there are ice draft data. The total track
length is about 4,000 km.
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Fig. 2. Thickness distribution statistics at 29 segments along the SCICEX
track. The letters refer to positions along the track as shown in Figure 1. The
segments are each about 150 km. A solid (horizontal wiggly) line has been
drawn through the medians. The solid vertical bar for each segment shows
the 25th to 75th percentile of thickness, the square brackets show roughly the
5th and 95th percentiles, and the horizontal marks above the 95th percentile
are individual data points. Note the large variations on scales of several hundred kilometers.

Fig. 3. Mean thickness (in meters) plotted against position along the SCICEX track. The solid curve is observed thickness; the dotted curve is modeled thickness.
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Sea Ice Thickness Derived From Airborne SAR Data
Robert A. Shuchman, Norman P. Milfinas, and Fred J. Tanis
Earth Sciences Group Environmental Research Institute of Michigan
Ann Arbor, MI

•
Downward looking synthetic aperture radar (SAR) imagery and upward-looking sonar ice draft data
collected during the ICEX'92 experiment in the Lincoln Sea were used to develop an algorithm for
converting SAR backscatter values directly to sea ice thickness. The algorithm uses statistical correlation
of registered P-3 aircraft SAR data and sonar ice draft profiles to establish a microwave backscatter and
ice thickness relationship. The two data sets were registered using recorded position information. Crosscorrelation analysis was used to fine tune this registration. The transfer function between the SAR
backscatter and the sonar ice draft was derived using the cumulative distribution functions of both data
sets. An advantage to this approach is the reduction in the requirements to precisely eo-register these two
data sets The derived relationship was applied to a full SAR image to generate a corresponding map of
estimated ice draft .

•
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Diagnostic Analysis of Ice Thickness Data From Submarines:
a Dynamic and Thermodynamic Perspective
Timothy Shy and John Walsh
shy@wx.atmos.uiuc.edu
walsh@atmos.uiuc.edu
A reconstructed two-year history of ice motion and near-surface temperature was assembled
for each often ice parcels observed by U.S. Navy submarine sonar at the North Pole from
1979 to 1992. Daily ice positions were estimated directly from IADBP/AOBP buoy data,
while near-surface air temperatures were obtained from daily grids in the "POLES" data set. A
synthesis of these data with submarine-observed ice drafts determines whether inter-annual ice
draft variance is best explained by dynamic or thermodynamic processes.

An ice parcel's geographic origin was not associated with observed ice draft. However, two
other ice motion features were associated with observed ice draft during the 1979-1992 study
period. Observed ice drafts were closely associated with ice divergence/convergence at the
North Pole for 1-2 weeks prior to submarine observation, and with directional deviation ofthe
ice parcel trajectory from its geostrophic wind-forcing over the two-year reconstructed motion
history. The causal link between ice divergence/convergence and ice draft change is readily
understood, but a similar link for ice trajectory deviation from geostrophic wind-forcing
and ice draft change is not so clear. One explanation suggests convergent stress is intensified
as ice moves left of climatological geostrophic wind-forcing against the Greenland coast;
convergent stress is dissipated as ice moves right towards the Beaufort Gyre. Alternatively,
the directional deviation of ice motion may be a manifestation of initially thicker or thinner ice
rather than the cause.
The thermodynamic history of each ice parcel is the accumulation of degree-days during its
two-year reconstructed transit to the North Pole. Degree-day accumulation backwards in time
from the day of parcel arrival at the North Pole shows little association with observed ice
drafts over any time scale in the two-year reconstructed record. In contrast, degree-day
accumulation forward in time from the beginning of the reconstructed record shows maximum
association of observed ice drafts through the first 13 months of accumulated degree-days.
The association of this thermodynamic "value added" with ice draft drops sharply as degreedays are accumulated through the remaining 11 months of record before ice parcel arrival at
the North Pole.
A multi-variable least-squares technique regresses dependent observed ice drafts against three
independent variables: ice divergence on short (6 day) time scales, ice directional deviation
from geostiophic wind-forcing over the two-year record, and thermodynamic "value added" by
the accumulated degree-days over the first 13 months of the two-year ice transit to the North
Pole. The approach then determines which of these processes explains most of the variance in
observed ice drafts. Directional deviation of ice from geostrophic wind-forcing explains 56% of
observed ice draft variance, ice divergence/convergence on short time scales explains an
additional 30%, and thermodynamic "value added" for the first 13 months of ice transit
explains an additional 6%.
The results suggest that most variance in observed North Pole ice drafts from 1979 t? 1992 is
explained by differences in ice motion history (dynamics), and that airtempe~e differences
following ice motion (thermodynamics) explain relatively little of the observed tee draft
variance during the study period.
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Sea Ice Draft and Coverage Measured with Moored UpwardLooking Sonars in the Weddell Sea
Vo/ker H. Strass
Alfred-Wegener-Institut fur Polar-und Meeresforschung
Postfach 120161, D-27515 Bremerhaven, Gennany
vhstrass@awi-bremerhaven.de
Time series of sea-ice draft and coverage have been obtained between 1990 and 1994
by use of moored Upward-Looking Sonars (ULS) at six locations in the Weddell Sea.
An individual time series is up to two years long. The six mooring locations cover the
flow into and out of the southern Weddell Sea across a line running from the northern
tip of the Antarctic Peninsula in the west to Kapp Norvegia in the east.
The data reveal systematic changes of the ice draft mean and mode between the inner
Weddell Gyre and the boundary regimes. The mean ice draft varies between 0.8 m in
the centre of the Weddell Gyre, 2.2 m in the eastern inflow, and 2.8 m in the western
outflow. In opposition to this, the mode of the ice draft is highest (0.7 m) in the gyre
centre and lowest (0.2 m) in the eastern and western boundary regions. In addition to
the mode of0.2 m, the probability distribution of draft from the western outflow
shows a second maximum at 1.1 m resulting from advection of deformed ice. Whereas
the ice draft in the gyre centre undergoes a distinct annual cycle, temporal changes
occur rather irregularly in the boundary regions; especially in the east.
The measurements were made with ULSs manufactured by Christian-MichelsenInstitute in Bergen, Norway. To convert the ULS raw data (primarily sound pulse
travel time and pressure) into reliable measurements of the ice draft and coverage, a
new method has been developed. This method is able to take into account the
variations of sound speed and density which occur between the surface and the
instrument, the variations of the surface air pressure, a possible bias (footprint error) of
the mean ice draft within the ensonified window, and enables discriminating between
ice and open water. Discrimination between ice and open water is essential for
determination of the percent ice coverage, and for adjustment of the surface level in
ULS measurements. The echo amplitude, which reflects differences in the target
strengths of water/ice and water/air interfaces, was found to be a very helpful variable
for discrimination. It is suggested to further improve the instrument performance of
ULSs by recording the echo wave form in detail. The long-term objective of this
technological improvement is to achieve a fully automated, objective method for the
discrimination between ice and open water, and based on this design of a unified
protocol of the ULS data processing.
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U.S. Navy Submarine Ice Profile Data
Fred J. Tanis
BRIM

Ann Arbor, MI
CMDR Ray Simmons and David Benner
National Ice Center
Washington, DC
The U.S. Navy has been working to obtain the release of submarine sonar ice draft profiles for use
by the Arctic climatology research community. Submarines have been acquiring upward looking
sonar (ULS) data since the first Arctic crossing by the US.S Nautilus in 1957. Starting in 1976, a
digital sonar recording system called the Digital Ice Profiling System (DIPS) was included on
many ofthe submarine cruises. Submarine ice profiles are a valuable basin wide data source for
ice draft and ice cover process studies. The spatial and temporal coverage that these data provide
an important input to investigations of both large and small scale variations and trends in the
physical state of the ice pack.
The Navy has now agreed to provide comprehensive ice draft profile statistics derived from the
sonar data which were collected within the designated release area shown in Figure 1. The ULS
ice draft profile statistics have now been assembled into a database and the Navy has recently
declassified these statistics. The individual ice draft profiles interpolated to one meter spacing will
be included in the database if they are also approved for declassification by the Navy. There are
approximately 235,000nm of existing records of DIPS ice draft sonar data. Sonar records from 14
cruises covering the period from 1977 through 1993 have been processed providing a database
with approximately 61,066nm of interpolated ice draft data. These processed data are all located
within the designated release area and are listed in Table I. Most of the useful DIPS data have
now been processed using procedures developed by the Arctic Submarine Laboratory and the U.S.
Army Cold Regions Research and Engineering Laboratory (CRREL). Ice draft statistics from over
300 track segments have been included in the database. For national security reasons., the
associated time and position data are not specified in detail for each track segment. The Navy's
Arctic Submarine Laboratory and the Naval Oceanographic Office are providing guidance and
oversight on national-seetirity issues related to this ice profile database project.
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Figure I. Boundaries of the area approved by the Navy (CNO) in 1992 for release of
environmental data from Arctic submarine exercises
[MEDEA, 19951.

The along track segments were selected with near constant bearing(+/- 10° ). Individual profile
sections were joined if the time between the individual sections was less than 15 minutes. Data
gaps were filled in using interpolated data. A separate record is provided to show where these
breaks occur in the track record. Most of the along track segment lengths lie in the range of 50km
to 150km. Track segments that are less than 50km in length but which lie within an 80km radius
of one another were grouped into a single composite profile (cluster) with a total length of at least
50lan. Derived ice profile statistics include the pdf's for ice draft, keel depth (>5m), keel spacing,
and lead width (> 1Om}:r >flie auto-covariance, and power spectrum for ice draft have also been
calculated from the· interpolated ice profiles for each track segment.
Analog sonar data were recorded for each submarine cruise and MEDEA has estimated that a total
of 380,000nm of records have been archived. None ofthese sonar records have been used to
generate ice draft profiles for the present database. Selected analog data could be processed to
meet overall temporal and spatial sampling requirements. Draft error estimates for the analog data
are expected to be the same as for the DIPS ice draft data (-50cm). A pilot sonar analog record
analysis is needed to establish consistently between analog and digital products and value to the
science community.
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We are currently working to revise the ice profile database and will coordinate the release of the
declassified database to the scientific community. A science advisory group including government
and academic scientists will review the final products prior to the release. The Navy (CNO) is
expected to make the final determination concerning release of the ice profile database later this
year.
Table 1. Processed Sonar Data From the DIPS
Year
1977
1978
1982
1986a
1986b
1987
1988a
1988b
1989b
1990
1991
1992a
1992b
1993

Length (nm)
763
1139
2162
2596
3993
4758
5278
6007
6704
6787
6883
6955
7392
647

Total

61064nm

Season
Spr
Fall
Fall, Win
Spr, Sum
Spr
Spr
Spr, Sum
Sum
Fall
Spr
Spr
Spr
Sum, Fall
Fall

MEDEA, Scientific Utility ofNaval Environmental Data, MEDEA Office, 7525 Colshire Drive,
McLean, VA, 22102, June 1995.
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Products along track segments
-Modulus and phase of the interpolated ice draft profile FFT
-Autocovariance function for ice draft.
-Power spectral density (PSD) for ice draft.
-Maximum entropy power spectral density

(ME~PSD)

for ice draft.

-PDF for ice draft
-PDF for ice keel spacings (>S.Om)
-PDF for ice lead widths (> 1Om)
•cluster ice profiles
-Modulus and phase of the interpolated ice draft profile FFT
-Power spectral density (PSD) for ice draft
PDF for ice draft.
• Along track segments
-Modulus and phase of the interpolated ice draft profile FFT
-Autocovariance function for ice draft.
-Power spectral density (PSD) for ice draft.
-Maximum entropy power spectral density

(ME~PSD)

for ice draft.

-PDF for ice draft
-PDF for ice keel spacings (>S.Om)
-PDF for ice lead widths (>IOm)
•cluster ice profiles
-Modulus and phase of the interpolated ice draft profile FFT
-Power spectral density (PSD) for ice draft
PDF for ice draft.
Ice profiles were derived from the original time series of sonar soundings in combination
with boat speed, heading, and position. The Arctic Submarine Laboratory has made data
comparisons with ship logs to isolate periods when the sonar was functioning properly and
to provided data review and setting the sea level offset. The sonar track records have
been interpolated to profiles of ice draft with one meter spacing.

1.
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Two remarks about the thickness distribution of sea Ice

A. S. Thorndike
University of Puget Sound
April 1997

1.

Ice thickness distribution and other geophysical variables

One reason for the interest in the ice thickness distribution g(h)
is that it can be used to determine the spatial average of any
property that is a function of the ice thickness itself. For example, if
the property a satisfies a=a(h), then the spatial average IS
<a>= A -I Jf a(x,y)dxdy = f g(h)a(h)dh.
A

This result can be generalized. It may be the case that the
relationship between a and h is only an approximate one. For
example, suppose the functional relationship is weakened to
a= a( h)+ t:

where E includes the combined effect of errors and the dependence
of a on other variables. Suppose further that E is a zero mean
process with distribution e(c.). Then the probability density for a is
pdfa(b) = f g(h)e(b- a(h))dh.

For example, suppose a represents the surface temperature. An
airplane equipped with an infrared thermometer pointed at the ice
surface would produce a data set from which the distribution
function pdfa could be determined. The above equation shows how
that distribution is related to the thickness distribution. It presents
an opportunity for testing our understanding by comparing two
observed distributions.
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2.

A stochastic cartoon of sea ice thickness

Observed distributions of sea ice thickness from the central
arctic resemble the negative exponential function
g(h)=exp(-h/ h0

)

for h greater than the equilibrium thickness. The reason for this isn't
clear. One argument, Hibler et al, 1972, and Lowry and Wadhams,
1979, explains the negative exponential as an attempt to maximize
entropy in a system with fixed potential energy. On the other hand,
Rothrock and I, 1980, argued that the distribution was controlled by
the mechanical processes that make ridges, which ultimately are
related to the plastic yield curve for the large scale failure of sea ice.
Recently, while trying to clarify my thoughts on the subject, I
drew the following stochastic cartoon. The idea is to follow the
history of an infinitesimal element of surface area that moves with
the ice. We are interested only in its thickness. March forward m
time steps of one month, say, and ignore the annual cycle. Let
h,+ 1

~ f~ +a(~ ~ h,_ )~·-·.·. ·.· ·.·. ·.··_~,~~-~ _<~-~~ p ).

l

(1)

2hk········································P·

The idea is that with high probability, l-2p, the ice grows a little
thicker or thinner depending on whether it is thinner or thicker than
the equilibrium thickness H. The growth rates are proportional to F.
With small probability, p, a lead forms (h--tO), and there is an equal
probability of a ridge forming (h--t 2h). In this way, the formation of
leads and ridges conserves the ice volume, on average.
We can imagine the ice pack to consist of a large number of
such infinitesimal elements evolving independently.
It cannot
matter if we sample the thickness of many elements at the same
time, or of a single element at many times. Therefore it suffices to
study the statistics of the single process (1). The mean of the
process is <h>=H. The variance is
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var(h) =

2

P

(1- 2p)(2- F)F- 2p

H2 .

I don't have analytical results for the distribution of thickness, but a
simulation of the process yielded the distribution plotted in the
figure.
I was startled to find that such a simple-minded caricature led
to such a plausible distribution. The distribution in the figure could
easily be mistaken for an observed distribution. The thick end of the
distribution even has an approximately exponential decay. Yet the
construction says nothing about maximizing entropy, conserving
energy, or plastic failure.
In this construction, as in nature, very thick ice is rare. It is
rare because it requires a sequence of several independent doubling
events, each of which has low probability, to produce thick ice, and,
once produced, it immediately begins to melt down towards the
equilibrium thickness.
During the Surface HEat BAlance experiment, an attempt will
be made to test the ice thickness distribution model. It may be
helpful to have several different models, so we can see if the
observations can decide between them. I think that the construction
given here is minimal, in the sense that it can't be reduced further
and still do justice to the physical situation.
Fancier versions could
be developed, in which the growth function was more realistic and
the probability p was tied to the ice motion. Then it would be
possible to test whether those embellishments significantly improve
the fit between model and observation.
Acknowledgement. This work has been supported by the Office of
Naval Research and NASA.
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Figure legend
I. Thickness distributions from a realization of the stochastic
cartoon, using 20,000 time steps, H=3m, F=0.03 m per time step, and
p = 0.01.
The logarithm of g is plotted on the right. A negative
·exponential would give a straight line.
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Coupled Patterns of Dynamic Height of the Arctic Basin And
Ice Conditions in the Siberian Seas
Leonid Timokhov (a), Roger Colony (b*J, and Alexey Koltyshev (a)
a) Arctic and Antarctic Research Institute, St. Petersburg, Russia
(b) International ACSYS Project Office, Oslo, Norway

1. Introduction
Relation between surface ocean circulation and ice drift in the Arctic Basin on the one hand, and ice conditions in
the Arctic seas on the other hand is determined by uninterrupted ice exchange between these seas and the
basin. Influence exerted by winds prevailing over the basin and regions adjacent to it is the immediate and main
cause of the ice and surface ocean circulation in the Arctic Basin. Gudkovich (1961) has shown presence of
association between atmospheric circulation over the Arctic in winter period (October-March) and type of the
surface ocean circulation in March-May. Dynamic heights referred to the 200 dB surface were used as
characteristics of this circulation. Two circulation types were identified. The A type is formed in case of
strengthening of the Arctic atmospheric anticyclone in the winter period. Growth of the region of the anticyclonic
ocean circulation in the Beaufort Sea characterizes this type. Mean-stream of the Transpolar current goes along
the northern boundaries of the Siberian shelf seas, water and ice outflow into the Greenland Sea is intensified.
The B type is formed in case of spreading of the Siberian atmospheric anticyclone over the northern outlying
regions of the eastern Arctic seas and weakening of the Arctic atmospheric anticyclone. Decrease of the
anticyclonic Beaufort gyre region, weakening of the Transpolar drift, displacement of its mean-stream towards
America, and appearance of the cyclonic ocean circulation in the East Siberian and Chukchi Seas characterize
this type. The main features of the A and B circulation types reveal themselves in corresponding variations of ice
conditions in the Arctic seas (Gudkovich, 1961).
This scheme of association between the ocean circulation and ice coverage of the Arctic seas was largely
approved in the work of Treshnikov et al. (1976). Intimate correlation was determined simultaneously between
anomalies of the dynamic heights and atmospheric pressure in the Amerasian sub-Basin in the preceding one or
two summer periods. lt has been proposed that summer atmospheric processes exerted influence first and
foremost on ice melting and river water inflow into the seas. Anomalies of surface water salinity formed in
summer are transported by advection in the Arctic Basin and determine reconstruction of water density field and,
therefore, changes of the surface circulation in the Basin (Treshnikov et al., 1976).
Conclusions on correlation between the Arctic Basin circulation and the ice coverage in the Arctic seas made in
the sixties and seventies were based, in spite of their value, on limited observation data and methods known in
these years. Vast amount of data is available at present time, which allows us to check and to develop proposals
made earlier (Environmental Working Group, 1997). Specific features of the summer process influence in the
Arctic seas on the surface circulation variations in winter and feedback mechanism connecting the large- scale
circulation and the ice conditions in the Siberian shelf seas in summer are considered in this paper.

•

2. Database and data representation
The dynamic heights for the layer 5-200 m were used as an index of the large-scale circulation in the Arctic
Basin. The method of dynamic heights calculation is described in (our 1-st poster). lt should be noted that
velocities of geostrophic currents calculated using these dynamic heights are rather close to actual velocity
values averaged for the period of three months. lt gives us an opportunity to use the dynamic height fields as an
index of the ice and ocean circulation in the Arctic Basin understanding in this case that the geostrophic
velocities to a large extent characterize also the large-scale features of the ice circulation in the Arctic Basin.
Method of reconstruction of the dynamic height fields, based on empirical orthogonal functions (EOF)
decomposition, was used for the years with a small number of observations, because water are:a of the Arctic
Basin had not been always completely covered by observations (see Koltyshev et al, 1996; Enwonmental
Working Group, 1997).
Series of dynamic height fields referred to the 200 dB surface were obtained for March-May 1954-1993 on the
basis of calculated values and the reconstructed dynamic height fields (Environmental Working G'"?up, 1?97).
These fields were determined in nodes of a grid that contained 164 points and covered all the Arctic Basm and
the northern parts of the Arctic seas with depths exceeding 200 m.
The EOF decomposition of dynamic heights fields was made (s~ Kolo/shev et al, 1~96; Enviro~menta~ Working
Group, 1997). Then the operation of artificial simulation of dynamic heights was earned out for Illustration of
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physical meaning of the dynamic height EOF decomposition. Taking mean multi-annual field as the basic one we
simulated its limiting variations under the influence of each EOF separately.
The first and the third EOFs simulate opposition phenomenon in changes of the dynamic heights in the region of
the anticyclonic gyre and in the region of the Laptev Sea. Topography changes of the dynamic height field can be
related with specific features of the ocean circulation. Thus, for example, the mean field "plus• the first EOF (D1)
and "minus· the third EOF (D3) describe such a state of current, when it is clearty separated into two branches.
One of the branches goes along shelf and the second one is shifted towards the Pole. Cyclonic circulation
develops to the North off the Laptev Sea. The opposite case, and namely the mean field "minus· the first EOF
and "plus· the third EOF, describes the Transpolar current as a broad indivisible stream. Different input of the first
and the third components can be traced in details of the dynamic height topography. Displacement of the
anticyclonic gyre is described by the first EOF and to some extent by the third EOF. State of the Transpolar
current is related with location of the anticyclonic eddy.
The second EOF (Dll simulates simultaneous decrease or increase of the dynamic heights in the anticyclonic
gyre and the Laptev sea region and very small variations in some regions of the Arctic Basin. Such variations of
dynamic height field structure describe area changes of the anticyclonic Beaufort gyre.
Principal components of dynamic heights EOF decomposition (which represent the temporal structure of process)
reveal low-frequency oscillation of period 32-34 years in 1-st and 2-nd principal components time series. One
can also notice anomalous high and uniform values of 3-rd component during period 1989- 1993.
Ice coverage values for August in the different parts of four Siberian seas (from Kara to Chukchi) for the years
1950-1993 were used as an index of summer processes. The ice coverage in this period shows integral effect of
ice melting processes and ice outflow (or inflow) into this sea during spring and summer. Ice coverage values
determined as part of sea water area covered by ice were obtained by planimetry of sea ice charts constructed on
the basis of satellite and visual observations.
The EOF decomposition of the ice coverage in the arctic seas was also performed. lt showed that three first
EOFs describe about 75% of variance. The first vector has positive values with the exception of the eastern
sector of the Kara Sea and simulates variability of the total ice coverage of the seas. The second EOF
characterizes the well-known ice opposition of the western and eastern sectors of the Arctic. Other EOFs
describe a synphase character of ice coverage oscillations in different sectors of the seas. Ice coverage EOF
decompositions performed by the authors are close by their results to those having been made by previously by
Nikolayev and Sarukhanyan (1973).
1-st principal component of ice coverage EOF decomposition shows pretty sequent shape except some rare
anomals (as in 1968 or 1990). 2-nd and 3-rd components reveals the low-frequency oscillations.

3. Influence of circulation on ice coverage
STATE OF AXIOM
Problem of ocean circulation influence on on the ice coverage of the arctic seas was considered at the first stage.
We used shifts forwards from four months to two years and four months.
Correlation analysis was carried out in order to reveal regional peculiarities of the relation between the circulation
and the ice coverage. In this case actual ice coverage values were correlated with principal components of
dynamic heights EOF decomposition. Values of calculated correlation coefficients are given in Table and they are
rather high for some parts of the seas.
Specific features of the circulation for the shift four months that are accounted for EOFs D1and D3 exert
significant influence on the ice coverage of the Chukchi Sea and to a less extent on the ice coverage of East
Siberian Sea. Weakening or strengthening of the anticyclonic gyre and variations of the Siberian branch of the
current determined by them and simulated by D2 correlates to some extent with the ice coverage of the Laptev
Sea.
Loose coupling of circulation specific features that are accounted for D1and D3 is observed for the shift of 16
months with the ice coverage of the Chukchi and East Siberian Seas and also for the westem part of the Laptev
Sea. Dependence of the ice coverage of the Laptev and East Siberian Seas of large-scale features of the
circulation in the Arctic Basin (simulated by the second EOF -DJ is at best pronounced.
This relation becomes weakens significantly for the shift exceeding two years with the exception of the southern
p~rt of the ~ara Sea. The ice coverage in this region correlates with the first component of the dynamic heights
wrth coefficient equal-0.40. The other coefficients are very small.
Th_e reciprocal correl~tion analysis of the principal components of the EOF decompositions of the dynamic
heights and the sea 1ce coverage was carried out for that purpose. The only one correlation was significant - it
was found: ~hat D2 con:ponent of dynamic_heights decomposition correlates with L1 component of ice coverage
decompos1t1on (coefficient 0.42) for the sh1ft 16 months. As the 1-st mode of ice coverage decomposition

,.
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~res~nts .the total i~e ext~nt in the .seas, we must conclude, that general intensification or weakening of

Circulation m the Arctic basm {for which process the 2-nd mode is responsible) leads to respective increase or
decrease of ice extent in shallow seas.
To further investi~ate the problem of relation between circulation and ice coverage we used an up-to-date method
- the method of smgular value decomposition (SVO). This method maximizes correlation between characteristics
under consideration (Bretherton, 1992). The decomposition was performed using the same time shifts.
Correlation of vectors of SVO coefficients with the same numbers is one of the results of SVO {correlation of
vector coefficients of SVD with different numbers equal zero). This correlation allow us to make conclusions on
p~sence or absence of desired statistical relation. The obtained correlation is high (up to 0.54), especially for
shift 16 months. The SVO results proof that influence of the ocean circulation in the Arctic Basin on the ice
coverage in the Arctic seas really exists.
4. Influence of Ice cover on circulation
STATE OF AXIOM
Correlation analysis was performed for the shifts from eight to 20 months. According to above stated axiom these
temporal shifts allow us to reveal ice coverage influence in the Arctic seas on the circulation in the Arctic Basin.
We have studied regional specific features of the relation under consideration. Correlation of actual ice coverage
values for each of seven regions of the seas with the principal components of the dynamic heights decomposition
were calculated for that purpose. These correlation seems to be rather high for the eastern sector of the Arctic for
the shift of eight months and for both parts of the Laptev Sea for the shift of 20 months.
Correlation analysis of relations of the principal components of the ice coverage and the dynamic heights was
also performed. Obtained correlation are on the whole not high except for influence of the L1 component of the
ice coverage on the 03 component of the dynamic heights (-0.38 for the shift 8 months) and influence of the L1
component of the ice coverage on the 0 2 component of the dynamic heights (-0.32 for the shift 20 months).
Therefore, one might suppose that some influence of total ice coverage changes (simulated by the first
component L1) on circulation changes in the Arctic Basin {described by components 02 and 03) really exists for
the shift of eight months. Influence of ice coverage specific features {described by L1 and L3) on the same
circulation structures exists too.
The SVO method was used as in the previous Section in order to approve obtained results. Correlation of vectors
of SVO coefficients with the same numbers are as high, as 0.45 for shift 8 months. SVD decomposition made for
both shifts conclusively demonstrates us that influence of summer processes in the Arctic seas (the ice coverage
in August is an index of these processes) on the circulation in the Arctic Basin really exists.

'~'

5. Self oscillation
A sequence of forward and backward lagged correlation linking dynamic heights anomaly and ice coverage can
be used to construct a self ocscillating system. We have determined direct and feedback correlation between ice
coverage variations in the marginal seas and surface circulation in the Arctic Basin. This brings up the natural
question on character of conjugation of ice and hydrological large-scale processes and integrating consequences
of succession of uni-directed and alternating interdependencies.
As it was mentioned above, there is a high correlation between the 0 2 component of circulation and the ice
coverage in the seas of the eastern Arctic sector for some time intwals exceeding a year. We shall consider a
conjugation scheme of ice coverage and hydrological processes for the Laptev and East Siberian Seas, u~ing
western part of Leptev sea as best example. The ice coverage increases by positive values of the 02 principal
component after 16 months. The great ice coverage after 20 months causes sign change of input of the second
principal component of dynamic heights. The ice coverage decreases by negativ~ values od 02 .principal
component after 16 months and the small ice coverage after 20 months eau~ s~gn change of m~~t of the
second principal component of dynamic heights. Thus the cycle is completed 1n SIX years. In conditions of rather
high correlation coefficients of direct relations and feed-backs and their signs one can say that the fulfilled
analysis allows us to suggest a possibility of auto-oscillation system "the ice coverage the La~tev and East
Siberian Seas - the surface circulation in the Arctic Basin". lt is typical that auto-correlation functions of the first
two principal components of dynamic heights reveal a six year periodicy. The temporal auto-correlation of
dynamic height fields also reveals a six year maximum {see our other poster at the same workshop). That facts
approves correctness of suggested auto-oscillation scheme.
.
We shall call circulation type characterized by the weakened anticyclonic gyre an? Tra~spolar current (as.ln
fig.2c) similar to B type according to [Gudkovich, 1961] as B type. We shall ca.ll c1rculatl~n ~ charactenzed by
vast and intensive anticyclonic gyre and the reinforced Transpolar current (as m fig 2d) sm~1lar to the type A
according to [Gudkovich, 1961] as A type. Thus chain of conditions: typa A~ increased 1ce coverage -4 type B

o!
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~ decreased ice coverage ~ type A fonns a system cycle with the period of 6 years. One should understand
that in order to study this oscillation we took 2-nd principal component D2, which is responsible for 20% of
dynamic heights inter-annual variability. Regarding, that contemporary patterns can be find using D1 component
for analyze and the fact that six year periodicy is typical for first two principal components, we can suppose, that
mentioned above auto-oscillation model can describe about 30-40% of inter-annual variability of coupled patterns
in system "circulation - ice coverage".
So this is the mechanism of the auto-oscillation system. The fonned circulation type, for example type A,
gradually exerts influence on the ice coverage in the eastern seas. Link of indices of the circulation and the ice
coverage will reach its peak approximately after 16 months. The fonned increased ice coverage is detennined by
a weakened freshening of sea surface layer. Influence of this insufficient freshening spreads in the part of the
Arctic Basin, and it leads to circulation type change for type B approximately after 20 months.
As a result of this, conditions are fonned favorable to more intensive ice outflow from the seas and hindering
entrance of multi-annual ice into the seas. In its turn, it causes ice coverage decrease and freshening increase
after approximately the same period of time. Freshened waters reaching the Basin cause the transfonning of the
water density field and then after the certain period the surface circulation, which finally favors development of
the type-A circulation.

6. Summary
We used lagged correlation analysis to show the coupled patterns in dynamic heights of Arctic basin and ice
coverage of shallow seas. Determined direct and feed>ack correlation were used to construct a self-ocscillating
system with a period of six years. The empirical orthogonal functions decomposition and the artificial simulation
of them were used to reveal the physical and geografical sense of this oscillation.
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Ice Draft Observations Obtained by US Navy Submarines
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U.~: Navy sub~arines have been transiting and conducting tests under Arctic sea ice for nearly 40 years.
Bnt1sh submannes have also conducted several missions under Arctic ice, primarily in the Eurasian Arctic.
Upward looking sonar has been carried on all U.S. cruises as an operational instrument critical to mission
safety rather than for scientific purposes. The sonar is operated continuously while the submarine is
beneath the ice. Prior to the mid-1970' !S, the records of ice draft are contained in analog strip chart
recordings. In the mid-70s, the data began to be collected digitally on 7 and 9 track tape on a sporadic
basis. Since 1986, however, the Navy has routinely collected the draft records in PC compatible format as
well as continuing the analog recordings on strip charts.

Although comparatively little of the U. S. data has been released due to national security restrictions, still
the most comprehensive knowledge of the distribution of ice thicknesses in the Arctic basin has resulted
from the limited analysis of submarine ice draft profiles. Williams et al. (1975) first pointed out the utility
of that data for geophysical applications, making use of ice draft profiles collected by the British submarine
Dreadnought. Hibler (1979), using U.S. data from LeShack (1971), first showed contours of ice thickness
and the necessity of such data for verification of ice dynamic-thermodynamic models. Wadhams (e.g. 1984;
1992) has made use of some U. S. and primarily British sonar data to examine ridge and lead distributions
and to make inferences regarding temporal trends in ice thickness. McLaren (1989) and McLaren et al.
(1990; 1992) have been the most successful to date at obtaining the release ofU.S. submarine ice draft
profiles, and have examined temporal trends in draft statistics in the central Arctic. Bourke and Garrett
(198 7) developed seasonal climatologies of ice draft and roughness statistics from sonar profiles and bridge
logs from over 20 cruises. Bourke and McLaren (1992) used digital (or digitized) data from a dozen cruises
to contour ice drafts in a limited area ofthe central Arctic. Most recent U.S. studies have focused on the
region surrounding the North Pole, because more data for this region has been made available (primarily
through McLaren's efforts), and because most submarines transiting the Arctic visit the Pole. The value of
repeated tracks in this area has been demonstrated by McLaren et al. (1992) who found significant
interannual variability in mean ice draft and open water fraction. Walsh et al. (1995) and Shy and Walsh
(1996) have examined this variability in draft and demonstrated a correlation between mean ice draft, the
sea level pressure gradient, and also with the direction of the ageostrophic flow.
r-

While sonar provides a direct measure of ice draft in comparison to other remote sensing methods, the
measurement has some inherent error. Tucker et al. (1992) discuss errors in more detail, but a brief
summary is appropriate here. The sonar measures the time between a transmitted and received pulse
between the location of the sonar and the bottom of the ice. Thus, the depth ofthe sonar below the sea
surface and the sound velocity must be known for an accurate conversion of the time difference to ice draft.
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An error of 100ft s"1 in sound speed results in a 1.6 m error in ice draft for a submarine at 250ft depth.
The indicated depth of the submarine (sonar profiler) may differ from the actual depth because of
inaccuracies in the depth gauge, the location of the depth gauge, changes in atmospheric pressure, and the
accuracy of the electro-mechanical system converting the indicated depth to an electrical signal. These
depth errors may be as large as 1.2 m. Summing these errors, the total maximum error of the raw,
unprocessed data can therefore be as large as 2.8- 3.0 m.
Further inaccuracies in the ice drafts are associated with the width of the angular sonar beam, since the first
return to the sensor will be from the nearest ice which is illuminated by the beam. For instance, sloping
pressure ridge keels can result in small areas of thin ice being overlooked thus biasing the data towards
thicker ice. Finally, the sonar is measuring the ice draft, not the actual ice thickness. Although the draft
constitutes most of the thickness, true thickness is obtained by estimating the ice and seawater densities and
applying a correction for the snow cover. Bourke and Paquette (1989) demonstrated using the analysis of
drill hole measurements of Ackley et al. (1976), however, that ice draft is a reasonable proxy for thickness,
which can be obtained by multiplying the draft by a constant of about 1.1. Since draft very nearly equals
thickness, most reports using submarine profiles have simply dealt with ice draft without applying a
correction for thickness.
Errors in the drafts are reduced significantly through a major data processing effort carried out at the U.S.
Navy Arctic Submarine Laboratory. A computer algorithm searches the raw data for sequential minimum
points which are identified as open water or very thin ice. The strip charts are used for verification during
this process, since open water is easily identified on the analog records. The identified minima are assigned
a depth of zero and the surrounding data are corrected for the calculated offset. It is estimated that errors
are reduced to 0.3 to 0.5 m (Bourke and Garrett, 1987) through this process. Further processing is required
to spatially interpolate the data which exist only as ice drafts and time, rendering them initially unusable for
statistical (or fractal, or spectral) analyses until they are converted to a spatial series. Submarine speeds
and positions must therefore be integrated with the interpolation routine to obtain drafts at uniform spatial
intervals. This is an additional rather tabor-intensive interactive process, during which segments in which
the submarine changed depth or rapidly changed course must be removed from the data.
A total of about 50 U.S. Navy submarines have visited the Arctic since 1958. Useable digitally collected
data exists for 23 cruises, three being the SCICEX cruises for which the ice draft data is completely
unclassified. Processing is now underway which will provide spatially interpolated profile data and basic
statistics on these cruises.
Recent U.S. Navy guidance has stated that submarine collected ice draft data may be declassified and
released according to set guidelines. Those guidelines include restrictions stating that positions of the data
must be rounded to the nearest 5 minutes of latitude and longitude, and date is to be rounded to the nearest
third of a month. The guidelines also specify a region in which the data may be released, which as shown in
Figure 1, is known as the "Gore box". h is anticipated that the processed data for the 23 cruises which is
located within the release area will be transferred to the National Snow and Ice Data Center within two
years.
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Figure 1. Area designated for release ofU.S. Navy submarine ice draft profile data.

Appendix 5.24

Seasonal cycles of ice in Fram Strait
By Torgny Vinje, Norsk Polarinstitutt, Oslo.
The ice thickness has been measured from moored upward looking sonars (ULS) at a number of
locations at 79° N in Fram Strait since August 1990. The nominal depth of the ULS is 50 m and the
observation frequency 4 min. The ocean currents has been measured at a depth of about 80 m.
Apart from the ocean currents, which experience considerable interannual variations, seasonal cycles
are resolved for all the parameters considered (See figure). The modal ice thickness reveals the
smoothest seasonal march, with a mean maximum of3.15 m in May and a mean minimum of2.43 m
in September when also minima are observed in the mean ice thickness. The modal values are
similar to those observed in the Arctic Ocean by sumarines (Bourke and Garret 1986) and by drilling
(Romanov 1995) through the last 2-3 decades. The recorded annual modal range of 0.72 m is similar
to that observed by Romanov in Fram Strait.
The seasonal cycle of the thickness of ice only (open water observations excluded) indicates that
heavier ice from north of Greeland may pass the Fram Strait preferably during the three summer
months when the wind stress is at a minimum. The thickness of ice only shows a minimum during
December-January when the divergence is at a maximum due to the stronger atmospheric circulation
and influx of thinner ice from the area north of Svalbard. This winter minimum corresponds also
with a secondary minimum both in the mean as well as in the modal ice thickness. The mean
thickness of ice only in Fram Strait (3.35 m) is similar to that observed in the Arctic Ocean (3.29 m)
by Bourke and Garrett (1986).
The mean annual ice export - corresponding to the mean annual net production of ice in the Arctic
Ocean- is according to buoy drifts about 2050 km3 for the period 1976-96 with a mean minimum of
about 720 for the warmer season, April-September, and a mean maximum of 1330 for colder
season, October-March.
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