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"1 SUMMARY

We present a completed analysis on previous submarine voyages and report on single-beam
thickness distributions derived from submarine-mounted upward-looking single-beam sonars
installed in Royal Navy submarines during Arctic cruises between 1976 and 2007. This report contains
an unpublished complete study of the full draft distribution and the pressure ridge distribution of the
last two cruises, in the winters of 2004 and 2007.

We compare the observations of these two cruises with those of earlier voyages in an attempt to
establish how the Arctic Ocean sea ice cover has evolved in the past few decades. However, our

analysis is inconclusive and we are not able to state inequivocally that there has been a decline in
the sea ice thickness in the regions most visited by British submarines, namely Fram Strait, North

Greenland and the North Pole.
The results of the submarine measurements are compared with sea ice thickness determinations

made with other techniques, such as satellite altimetry and airborne electromagnetic sounding.

Page: 12/152



Deliverable report: D1.25 - Completed analysis on previous submarine
| e e e YOYAGQES and delivery of report on single-beam thickness distributions
| Asctic Climate Change "

Econamy and Society from submarine.

2 Introduction

2.1 The rapid decline of the Arctic sea ice

The decline of the Arctic sea ice cover of the past few decades is one of the most conspicuous
climatic alterations that are happening in our planet. Sea ice is not only very sensitive to changes in
the atmosphere and the ocean, and as such considered a good indicator of global climate change, it
is also an active component of the Arctic climate. Its well-documented reduction in area and
thickness is likely to have a significant impact in the regional (and even global) climate due to some
typical high-latitude amplification mechanisms such as the ice albedo feedback.

Continuous monitoring of the Arctic Ocean sea ice began in the late 1970s with the launch of
the first satellites equipped with sensors that operate in the microwave band. These are especially
suitable for the determination of sea ice concentrations because of the possibility of discrimination
between ice and water due to their different emissivities at these frequencies. Passive microwave
imagery, as this technique is known, provides unequivocal evidence of the recent sharp decline of
sea ice extent in all sectors of the Arctic (e.g. Stroeve et al., 2007), which culminated with the
historical minima of September 2007 and September 2011, believed to be lower than at any other
time in the last 8000 years (Jakobsson et al., 2010; Heygster, 2011).

The time series of the monthly averaged Arctic sea ice extent (usually defined as the area
limited by the 15% ice concentration contour) shows that its current value for the month of
September is about two thirds of the typical value of the late 1970s for the same month. The decline
has not been monotonic, though. In fact, the sea ice cover possesses a notorious stochastic
interannual variability and, it has been argued, a vague periodicity due to a (weak) coupling to
vaguely periodic atmospheric conditions such as the Arctic Oscillation. But even if we artificially
attenuate the year-to-year fluctuations by a suitable smoothing procedure we observe that the
evolution of the last 30 years or so has been far from linear. In fact, a linear fit to the time series of
the September ice extent for the 10 year period between 2001 and 2011 would lead to a rate of
decline of approximately 200,000 km?/year, about four times the value for the 1979-2000 period. In
view of this non-linearity, Eisenman (2010) proposed a higher order polynomial fit to the data which
appears to be a much better approximation to the real curve than a linear fit.

We may prefer to avoid selecting a particular time of the year, namely the very popular time of
the seasonal minimum, either because we are not attracted to media headlines or because we are
aware that the September ice cover may be affected by particular weather conditions during the
preceding summer, as occurred in 2007. In this case the length of the ice-free season (LIFS) can be
taken as a good indicator of the disappearance of the Arctic sea ice. The average increase of the
Arctic LIFS during the 1979-2006 period was roughly 1.1 days/year while in the 2001-2007 period it
was about five times faster (Rodrigues, 2009). This acceleration in the pace at which the LIFS is
growing is observed almost everywhere in the Arctic. Two regions where the situation has been
changing faster are the Barents Sea and the Greenland Sea. For instance in the eastern (northern)
sector of the Barents Sea the rate of increase was 2.9 days/year (3.0 days/year) in the 1979-2008
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period and 10.0 days/year (18.5 days/year) in the 2001-2007 period. In the Greenland Sea the
growth was 1.7 and 2.8 days/year, respectively.

2.2 From perennial to seasonal Arctic sea ice

The northwards retreat of the Arctic sea ice has been accompanied by an overall thinning.
Basin-wide observations of ice thickness, considerably more challenging than those of ice
concentrations, are currently made from submarines, satellites and, to a less extent, from aircrafts.

After their first excursions to the Arctic, submarines were soon recognized as unique platforms
for the observation and study of the properties of sea ice cover across the whole Arctic basin (well,
possibly with the exception of Soviet/Russian territorial waters). In a remote place where in-situ
measurements are particularly difficult, these voyages have always been cherished by the scientific
community, who was presented with a wealth of data of great importance for the understanding of
the Arctic climate. For instance, studies of several thousands of kilometres of under-ice profiles led to
the conclusion that there has been a significant thinning of the sea ice layer in the past few decades.
Rothrock et al. (1999) and, independently, Wadhams and Davis (2000) report a drop of more than
40% in sea ice thickness between the mid-1970s and the mid-1990s. Such results were among the
earliest to provide hard evidence that something remarkable was happening to the Arctic.

Then came the satellites, equipped with altimeters of increasing degree of sophistication, and
with them the possibility of a continuous, global coverage of the Arctic, and the ambition of being
able to measure accurately the thickness of the sea ice in the Arctic Ocean and surrounding seas, and
to detect any possible trends. First were ESA’s ERS-1, launched in 1991 and active until March 2000,
and ERS-2, in orbit since April 1995; they were followed by ESA’s Envisat, operational since March
2002; then came NASA’s ICESat, launched in January 2003 and decomissioned in August 2010; and
finally ESA’s CryoSat, in operation since April 2010.

Convincing analyses of satellite altimetry data by Laxon et al. (2003), Giles et al. (2008), Farrell
et al. (2009) and Kwok et al. (2009), among others, showed that the thinning of the Arctic sea ice first
detected by the submarines continued into the 21st century.

It then became clear that the decrease in the mean ice thickness of the Arctic Ocean was
associated with the reduction in the mean ice thickness of the multi-year ice and with the decline of
the area covered by multi-year ice (Kwok et al., 2009). Differentiation between first- and multi-year
ice is achieved with scatterometers such as the SeaWinds instrument on board NASA’s QuikSCAT
satellite. Other techniques, such as satellite tracking of parcels of ice or the use of drifting buoys,
confirm that the Arctic ice cover is getting younger and younger. There is now much more first-year
ice in the Arctic than multi-year ice and most of the latter is two or three years old. Not so long ago
(in the mid-1980s) the situation was the opposite (Maslanik et al., 2007).

The younger and thinner the ice is, the more vulnerable it becomes to further melt, dynamical
desintegration and drift towards lower latitudes. Special weather conditions or simply the natural
variability of the Arctic climate may then trigger rapid reductions in the ice cover such as the one that
occurred in the summer of 2007.

Page: 14/152



Deliverable report: D1.25 - Completed analysis on previous submarine
ey sty " voyages and delivery of report on single-beam thickness distributions
sctic Climate Change "

Econamy and Society from submarine.

The Arctic Ocean may partially recover from such rapid ice loss events but a return to the
conditions of just a few decades ago is ruled out by all climate models simulations. We are moving
towards an Arctic of thinner ice in the winter and almost no ice in the summer. In other words, we
are currently in a period of transition between a perennially ice covered Arctic Ocean and a
seasonally ice covered one. The causes and consequences of this transformation are what matter for
the scientist. The question of the exact timing of the first totally ice-free summer in the northern
hemisphere for at least 8000 years is of little relevance. In fact, we are aware that, due to the chaotic
nature of the climate system and other unknowns, we shall never have the answer in advance.

What we can do is to run climate models with slightly different initial conditions and generate
and ensemble of possible future trajectories whose statistical analysis should give as an idea of...

2.3 The future of the Arctic sea ice

In view of the complexity of the climate system, the incomplete knowledge of the physical
processes involved, the uncertainty in the initial state, notably in the sea ice thickness distribution,
and the impossibility of predicting the future concentration of greenhouse gases in the atmosphere,
there is little hope of finding the exact (or even approximately exact) evolution of the Arctic sea ice
cover until, say, the end of the century. The projections of most global climate models taken into
account for AR4 (IPCC, 2007) are for an on-going decline and an ice-free Arctic Ocean (at the end of
the melt season) some time in the late 21* century (Stroeve et al., 2007). A much faster
disappearance of the Arctic sea ice, conceivably as early as 2040, was first suggested by Holland et al.
(2006) after identifying several periods of abrupt ice loss in simulations of the NCAR CCSM model
(Collins et al., 2006) for the 21* century. Shortly after, Maslowski et al. (2007b) used their high-
resolution coupled ice-ocean model (Maslowski et al., 2007a) to put forward the possibility of an ice-
free Arctic during the summer in the next few years.

From the 23 models that are part of the World Climate Research Programme’s Coupled Model
Intercomparison Project phase 3 (CMIP3) multi-model data set (Meehl, 2007), Wang and Overland
(2009) selected the six that most successfully simulate the seasonal sea ice cycle and most faithfully
reproduce the observed September ice extent between 1980 and 1999. These are the Community
Climate System Model version 3.0 (CCSM3), developed by a consortium led by the National Center
for Atmospheric Research (NCAR) in Boulder, USA; the model of the Centre National de Recherches
Meteorologiques, version 3 (CNRM-CM3); the German ECHO-G model, which comprises the
atmospheric component ECHAM-4 developed at the Max Planck Institute for Meteorology in
Hamburg and the ocean component HOPE-G, also developed in Hamburg; the model of the Institute
Pierre Simon Laplace (IPSL), France; the Japanese MIROC model; and finally the HadGEM1 model,
created at the UK Met Office Hadley Centre.

Such a selection gives the necessary confidence to make acceptable, if not completely reliable,
projections for future trajectories of the Arctic sea ice. Incidentally, these are also models that
predict a faster future decline of the September ice extent. And yet, there is still a large dispersion
between the projections of these models and even between different runs of the same model
(namely because of the intrinsic variability of the climate system). Considering all available runs for
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these six models, Wang and Overland calculated that the mean and median time needed for the
September sea ice extent to be reduced from 4.6Mkm?” to 1.0Mkm? are both approximately 30 years
for the A1B scenario (and about 35 years for A2). We remark that CNRM-CM3 predicts the ice to be
gone in just over 10 years while according to the UKMO-HadGEM1 we have to wait for 45 years (in
A1B). The lower threshold of 1.0Mkm? was chosen because there are strong indications that the
waters adjacent to the north shores of Greenland and the Canadian Archipelago with keep some ice
for themselves even when it is gone everywhere else. On the other hand, the value 4.6Mkm?” was the
approximate value of the observed ice extent in September 2008.

2.4 The importance of the sea ice thickness distribution

The determination of the thickness of the sea ice layer in the Arctic Ocean and surrounding
seas is an essential component of the study of the Arctic climate. On the one hand, the Arctic
environment and, in particular, sea ice respond quickly to global climatic changes due to
amplification processes that exist in the polar regions. Hence, a decline in the volume of sea ice can
be regarded as one of the best signs of the warming of the planet. On the other hand, because sea
ice acts as a regulator of heat and moisture transfer between the ocean and the atmosphere,
changes in its thickness are likely to affect significantly the climate of the Arctic and nearby regions.

The second reason why it is important to have an accurate knowledge of the Arctic sea ice
thickness is that it is a crucial piece of the initial state in climate simulations for the 21* century. The
capability of global climate models to predict the future of the Arctic sea ice is hampered by our
comparatively poor knowledge of the current sea ice thickness distribution. Simulations of future
Arctic climate and, specifically, of Arctic sea ice extent, are known to be very sensitive to the initial
sea ice thickness input (Gerdes, 2011). For example, simulations with the NAOSIM coupled ocean/sea
ice model (Karcher et al., 2003; Kauker et al., 2003) initialized with comparatively thin ice exhibit a
much quicker decline of the summer sea ice than those with an initially thicker ice cover. This
appears to be also the case with other models and, for instance, it is likely to be one of the reasons
why the Hadley Centre HadGEM1 (Johns et al., 2006) and HadGEM2 (Collins et al., 2008) models,
which have different sea ice thickness distributions as inputs, generate very different future
trajectories of the Arctic sea ice.

And yet, this apparent importance of the initial conditions has been questioned by the recent
work of Tietsche and collaborators (Tietsche et al., 2011). Using the ECHAMS5/MPI-OM global climate
model (Roeckner et al., 2003; Marsland et al., 2003), the authors simulated the effect of artificially
removing all ice from the Arctic Ocean at the beginning of the summer. The unexpected outcome
was that within a few years the ice would return to approximately the same state that it would have
reached under the usual external forcing. This result indicates that the Arctic Ocean may be able to
recover from drastic ice losses. Thus, contrary to the conventional point of view, an Arctic Ocean free
of ice in one summer does not imply an Arctic Ocean free of ice in all subsequent summers. The
seeming inexistence of such a tipping point is discussed by Serreze (2011). The basic physics behind
the recovery is that most of the excess heat received by the ocean during an ice-free summer is lost
to the atmosphere and then to space during the autumn and winter precisely because of the absence
of an effective insulating layer between the ocean and the atmosphere.

Page: 16/152



‘/‘” \) ACCESS Deliverable report: D1.25 - Completed analysis on previous submarine

¥’ ant ' hectc i o YOY2QES and delivery of report on single-beam thickness distributions
2 Economy and Society from submarine.

-

In view of the above, the sea ice community and the climate community expect the
measurements of the sea ice thickness to carry on and to become more and more accurate. And
while we wait for a continuous, total and reliable satellite information, submarine missions remain
essential.

Page: 17/152



’-‘;r ¢ Deliverable report: D1.25 - Completed analysis on previous submarine
| it voyages and delivery of report on single-beam thickness distributions
| Arctic Climate Change .

Econamy and Society from submarine.

3 Theory and measurements of sea ice thickness

3.1 The ice thickness distribution

The ice thickness (or, for this matter, ice draft) distribution in a region R, which can be a
limited area or a section of a one-dimensional transect, is completely defined by the function g(h)
such that g(h)dh gives the probability of finding in R ice with thickness in the interval (h, h+dh). Since
g(h) is interpreted as a probability density, one tends to normalize it to unity:

fo Oog(h)dh = 1.

The experimental determination of g begins with a set of S ice thickness observations (ideally
with S very large) in the region R which are subsequently distributed over bins of size Ah in order to
construct a histogram of measurements. Let G, be the frequency distribution of the measurements
over the set of N bins. In other words, G,, with n=1,...,N, gives the number of measurements for
which the thickness is between (n-1) Ah and n Ah. The new function

Gn

gnfm

which is such that

n=1

is a normalized frequency distribution that, in the limit S>eo and Ah->0, coincides with g(h). It is the
function g,, very often called (wrongly) Probabilty Density Function (PDF), that is usually taken as
representing the ice thickness distribution. It is normally presented as a histogram, of which the
reader will find several examples in Chapters 5 and 6.

In the study of underice profiles it is common to work with draft, which is the directly
measured quantity, instead of thickness. The conversion of draft into thickness is explained in Section
2.8. Except when the contrary is explictly stated, all statistical quantities and histograms shown are
for ice draft. We normally use bins with Ah=10cm.

For a sufficiently large number of thickness (or draft) measurements, the average is a reliable
guantity to characterize the ice thickness (or draft) in R if one wants to summarize the information in
one single number. However, the use of the mode as a statistical parameter requires some caution
because the mode depends on the size of the bins, which is arbitrary. In ice draft observations by
submarines the mode often coincides with the draft of the undeformed ice. This may not be the case,
however, in regions where there is considerable ridging.
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The histograms that represent ice thickness distributions tend to exhibit an approximately
exponential form for large values of the thickness h. Thus, for h beyond a certain threshold h;, the
function g(h) behaves as

g(h) ~ e Fh ~ g/,

The (positive) parameters a (with dimensions of length) or B (with dimensions of inverse length)
describe the decline of the distribution for large values of the draft. The higher the value of B (the
lower the value of a), the faster the distribution declines, signifying a comparatively small portion of
highly deformed ice (in other words, a comparatively small number of pressure ridges). The choice of
h; is somewhat arbitrary. The calculations of a and B performed by the author are based on
hl=mode(h)+1m, where mode(h) is the highest frequency non-zero value of h.

In view of this exponential behaviour of the tail of g(h) it is also common to display
histograms in a semi-logarithmic scale, a procedure we will follow in Chapters 5 and 6.

3.2 The pressure ridge distribution

Pressure ridge depths (or heights, when observed from above), shapes and spacings are an
important part of the sea ice thickness distribution. One of the benefits of submarine observations is
the possibility of identifying and studying this sort of small scale features.

They are formed when two ice floes collide if the forces that they exert on each other are
sufficiently intense to fracture the ice sheet and create a number of blocks that will either submerge
(forming the keel of the ridge) or pile on top of each other above the water level (forming its sail). In
principle one could determine the statistical distribution of the number and size of the resulting ice
blocks and, ultimately, the size and shape of the ridge, once the mechanical properties of the ice
(which depend on its age) are known. In practice, the problem is impossible to solve exactly because
of the complexity of the rheology of the sea ice and the impossibility of knowing the exact initial
conditions (essentially the thickness and velocity of the floes before the collision) and the exact
external forcing (namely the wind and ocean stresses) during the formation of the ridge.

In view of these difficulties, we rely on statistical methods to describe the pressure ridges
found in a certain area or observed along a particular line such as the track of a submarine. The
complete statistical description of a set of pressure ridges must include the distribution of the
number of ridges per unit length of track (which we shall also call ridge density or ridge frequency)
or, equivalently, the ridge spacing distribution, the ridge orientation distribution, the maximum keel
depth distribution and the keel slope distribution. Other quantities that, in principle, could also be
studied statistically are the shape of the keels, the size of the blocks that form the ridges, the type of
ice used to build the ridges, the state of erosion of the keels, the ratio between the amount of ice
and the amount of water in the keels, and the ratio between the maximum draft of the keel and the
maximum height of the sail, prove too difficult, not to say impossible, to measure with the currently
available sonars. On the other hand, ridge orientation cannot be retrieved from single beam
measurements and the shape of the keels, namely the slopes, assuming an approximate triangular
section, prove too unreliable. Thus, we are left with the ridge density and keel depth distributions.
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Counting the number of independent ridges in a transect from a single-beam sonar record
such as the one shown in Figure 3-1 is not a trivial exercise. The process begins with the identification
of all local maxima above a certain threshold. This threshold is normally taken as the average draft of
the undeformed ice surrounding the ridges, d,;, of the order of 1.5m for first-year ice and 2.5m for
multi-year ice. Then, one needs to decide whether two (or more) consecutive draft maxima belong to
the same ridge or if they are the tips of independent ridges. For this we follow the criterion
formulated by Wadhams (1981) according to which two consecutive maxima define two independent
ridges if the maximum draft of the shallowest of the two keels (relative to the average draft of the
undeformed ice) is at least twice the minimum draft of the trough between them (relative to the
average draft of the undeformed ice). While the total number of independent keels turns out to be
highly dependent on the value of d,;, this is not the case for the number of keels with a draft above
6m, which shows little sensitivity to small changes in that value.

The density (number of ridges per unit track length) of keels deeper than 15m is very well
described by a Poisson distribution, as the author concluded from the analysis of draft records
obtained during submarine cruises in 2004 and 2007. The Poisson distribution is a consequence of
the position of each deep keel being totally independent of the positions of all other deep keels, and
deep keels being very rare events, hence the probability of finding two of them next to each other
being negligible. Thus, if i is the mean number of deep keels per unit length over a certain transect,
the probability of finding n ridges in the unit length is given by

et
P(n) = TRl

It is well-known that in this case the keel spacings must obey a negative exponential
distribution, as first suggested by Mock et al. (1972):

P(x)dx = pe "dx,

This is, however, difficult to see in actual histograms as their shape is strongly dependent on
the choice of the bin size. On the contrary, the Poisson distribution is almost perfectly reproduced by
the data, as we shall see in Chapter 6.

The assumptions that form the basis of the Poisson distribution do not hold for shallow keels.
Because they are not so rare, it is conceivable that two such keels could be found next to each other.
And yet, for number of reasons, they cannot exist arbitrarily close to each other, which spoils the
hypothesis of independence. The probability of having a ridge spacing equal to zero has to be zero,
which is incompatible with the form of P(x) above. There are at least two reasons for this. One of
them has to be with the finite width of the beam, which cannot distinguish two ridges that are
separated by distances smaller than the footprint of the sonar (or whatever device is used to profile
the ice). The other has to do with the proper definition of ridge according to the criterion proposed
by Wadhams. The slope of the ridges is far from being vertical (in fact, it makes an angle of about 20-
30° with the horizontal) and as such two ridges to be distinguishable, i.e., considered independent
features, have to have a minimum horizontal distance. As such, the distribution of ridge spacings has
to start at zero, then grow quickly and decay slowly to zero. This is intuitively how we expect it to be.

Two of the many distributions that have this sort of behaviour are the two-parameter
lognormal
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1 (logx — p)?
fuo(x) = - exp <—T>

and the the three-parameter lognormal

1 (_ (log(x —6) - M)Z)
o(x — O)\2m P 207 '

The most suitable values of the parameters p and o of the two-parameter lognormal are found from

fu,a,e (x) =

the first and second momets of the actually observed ridge spacing histograms, < x > and < x? >,
which are related to the former by
2

o
< x>=exp (u + 7); < x?>=expu + 20?)

These relations can be inverted to give

1l < x>*

==lo

K 29<x2>

2 | <x%>

g~ =10
g<x>2

The lognormal fit to the observed ridge spacing distribution has been extensively used by
Wadhams in his analyses of ice draft data collected during several UK submarine cruises (e.g.
Wadhams and Horne, 1980; Wadhams, 1981, 1983). Much more recently, the lognormality of the
ridge spacing was rediscovered by Rabenstein et al. (2010), this time in the study of pressure ridges
from ice profiles obtained from above with electromagnetic induction methods (see Section 2.6).
However, in his research on the pressure ridge statistics of the last two Royal Navy submarine
cruises, the author of the present report only occasionally found an acceptable agreement between
the observed ridge spacing distribution and a lognormal distribution.

We can also construct histograms for the distribution of the depths of the keels. For a very
large number of keels we are allowed to choose narrow bins, each having a significant population,
and the distribution becomes approximately continuous. Thus, it makes sense to talk about the
number of keels with depth between h and h+dh, which we denote by n(h)dh.

Using a very narrow beam sonar and elementary statistical tools, Wadhams and Davy (1986)
found that for h above a certain threshold h, the distribution is very well described by an exponential
function:

n(h)dh = Be~P"dh.

The constants B and b are determined as a function of the total number of ridges

N = fh oon(h)dh

0

and the mean depth of the keels in the same stretch
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S hn(h)dh

h=
N

It is then straightforward to derive the adequate form of the distribution:
N h—hy

— exp| —=

h—hy h—hy

The author believes that no one has ever shown from first principles that the ridge spacing and
the keel depth follow lognormal and exponential distributions, respectively. Thus, for the time being,

n(h) =

they should be treated as empirical laws.

3.3 The lead distribution

Leads are another common feature of ice covered seas and play an important role in the heat
budget of the Arctic Ocean. In fact, because sea ice is not a great heat conductor, most of the heat
exchanged between the ocean and the atmosphere during the winter is done through leads. This is a
first good reason to study frequency and width of leads. A second reason is more of operational
nature: for a submarine navigating under thick sea ice it is useful to know the likelyhood of quickly
finding a lead in case of urgent need of surfacing.

From sonar profiles of the bottom surface of the ice (or laser profiles of its top surface) we can,
in principle, derive statistical quantities such as the number of leads per unit length of submarine (or
aircraft) track or, equivalently, the spacing between consecutive leads, and the width distribution.
While this looks feasible, in practice there are severe obstacles that, in the author’s view, prevent the
extraction of reliable results, at least from submarine profiles.

The identification of leads is essentially the identification of segments of open water (or very
thin ice). This, as we shall see in Sections 3.1 and 3.4, is quite a tricky operation for both analogue
and digital submarine records. Different analyst come up with different strategies and end up with
very different numbers of «leads». Of course it is also likely that they will end up with different mean
drafts. This was evident when two analysts of the Polar Oceans Physics group studied the same
profiles and selected a different set of points to define the water level.

In view of these difficulties, the author thinks that the attempt to find lead statistics is not
worthwhile. Not everybody agrees. Wadhams (e.g. 1992) considered underice profiles from several
submarine cruises and suggested empirical laws for lead spacing and lead with distributions.

An alternative, more robust approach is to study the fraction of thin ice (draft below 0.5 or 1m,
for example) which, at very high latitudes and in the middle of the winter, can only signify an existing
or refrozen lead. Such studies have been done in the past (e.g. Wadhams and Horne, 1980).
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3.4 Submarine measurements

Basin-wide measurements of sea ice thickness in the Arctic Ocean began in 1958 when the
Nautilus reached the North Pole for the first time. Since then, US submarines, equipped with
upward-looking sonars, primarily for operational purposes, have collected a vast amount of sea ice
draft data in their frequent voyages to the Arctic, mostly to the so-called SCICEX box, which roughly
coincides with the portion of the Arctic Ocean outside international waters (but including the region
north of Alaska). Most of these data sets are available through the National Snow and Ice Data
Center archive (NSIDC, 2006) and have been extensively analysed by Rothrock et al. (1999, 2008).

In the early 1970s British submarines, using similar sonar technology, started cruising in the
Arctic Ocean. In 15 voyages between 1971 and 2007 they have taken ice thickness data around the
North Pole and in the European sector of the Arctic, namely in Fram Strait and the waters north of
Greenland, which are rarely visited by US boats. Results from earlier cruises have been published in
several papers (e.g. Williams et al., 1975; Wadhams, 1981; Wadhams and Davis, 2001) and are partly
reproduced in Chapter 4 of this report. Wadhams (1990) provides the first evidence of the thinning
of the sea ice north of Greenland. Later, Wadhams and Davis (2000) and, independently, Rothrock et
al. (1999) observed a significant overall thinning of the Arctic sea ice by comparing results from
cruises in the mid-1970s and the mid-1990s.

Data from the last two Royal Navy submarine cruises, in the winters of 2004 and 2007, have
been processed by the Polar Oceans Physics Group of the University of Cambridge. A summary of the
main results can be found in (Wadhams et al., 2011) and the as yet unpublished full analysis of the
data composes Chapters 5 and 6 of the present report. Ice draft data collected by HMS Tireless
during the March 2007 cruise acquire special relevance because they were taken in several regions of
the Arctic with very different ice regimes, some of which would later become ice-free during the
exceptional summer of 2007. The observations indicate, for instance, that, unlike the rest of the
Arctic, there was no decline in ice thickness between 2004 and 2007 in the regions north of
Greenland and Ellesmere Island, which are known to have the thickest ice in the Arctic.

Since 1994 British submarines cruising in the Arctic have been equipped with two types of
single-beam upward-looking sonars known as Admiralty Pattern 780 and Admiralty Pattern 2077
(henceforth AP780 and AP2077, respectively). Before 1994 only the AP780 (or one of its earlier
versions, such as Admiralty Pattern 776) was in operation. In 2007 an upward-looking multibeam
sonar (manufactured by Kongsberg Maritime) was mounted for the first time on a submarine and
used to generate the first three-dimensional images of the underside of the sea ice in the central
Arctic Ocean.

AT780 is an analogue device that records the full return pulse on an electrically sensitive paper
roll running at constant speed. The darkness of the trace increases with the intensity of the echo and
its vertical position in the paper is a function of the arrival time. As there is a range of arrival times
for each emitted ping (in theory one for each wave reflected at each point of the insonified area in
the bottom surface of the ice), the record consists of a dark band, as in the roll section shown in
Figure 3-1. Though the entire return signal is recorded, it is common to retain only the first arrival,
which corresponds to the top boundary of the dark band, for instance the red line in the processed
roll section shown in Figure 3-4. This standard procedure leads to more reliable results than to
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averaging over the entire return pulse, and ensures compatibility with many digital systems where
only the first return is recorded. Details of the techniques used to process this type of data can be
found in Wadhams (1981) and in Section 3.1 of this report.

In an ideal sonar with an infinitely narrow beam and with continuously emitted pings, this red
line would coincide exactly with the real bottom surface of the ice. In real life such identification is
not possible and we are forced to distinguish the real draft from the observed draft. In many
circumstances the two may have very different values. This is a severe problem in the case of the
AP780, for which the beamwidth is not given in the documentation provided by the Royal Navy but
has been quoted as less than 5° by Wadhams (1990) and as 3° by Wadhams (private communication).
This issue, which is essentially a resolution error, is addressed in Section 3.2 of this report.

For a very brief description of the AP2077 sonar system and associated measurement errors
see Section 3.4.

The aim of the present report is to summarize the observations made with single beam
upward-looking sonars mounted on British submarines between 1976 and 1996, most of which have
been published in the specialized literature by P. Wadhams and several of his collaborators, and to
give a full, detailed account of the results obtained during the last two Royal Navy cruises, in the
winters of 2004 and 2007.

3.5 Satellite altimetry measurements

In recent years several groups began applying satellite altimetry to the study of the large-scale
sea ice thickness distribution in the Arctic (e.g. Forsberg and Skourup, 2005; Forsberg et al., 2007;
Kwok et al., 2007; Zwally et al., 2008; Farrell et al., 2009). Laxon et al. (2003) used radar altimetry
data from the European Space Agency (ESA) satellites ERS-1 and ERS-2 in order to explore the
correlation between ice thickness and the length of the ice season. More recently, the same group
analysed radar altimetry data from ESA's Envisat obtained between the winters of 2002/2003 and
2007/2008 (Giles et al., 2008). They found a significant reduction in sea ice thickness in the region
south of 81°30’N (the northern limit of Envisat's coverage) after the record minimum ice extent of
September 2007 but no particular trend (in the winter season) between 2003 and 2007.

The launch in January 2003 of NASA's ICESat, which was equipped with the high accuracy
Geoscience Laser Altimeter System (GLAS), allowed the first determinations of the central Arctic sea
ice thickness from freeboard retrievals. In a thorough analysis of 10 ICESat campaigns between 2003
and 2008, Kwok et al. (2009) derived the evolution of the Arctic sea ice thickness during this five-year
period, and were able to separate the contribution of first- and multi-year ice. They concluded that,
while there was no observable trend in the thickness of first-year ice (which at the end of the winter
typically reaches a thickness of 1.5-2m) in recent years, there was a strong decline in the basin-wide
average winter thickness of multi-year ice, from 3.5m in 2005 to 2.9m in 2008. They also caculated
that the combined average winter ice thickness in the Arctic was reduced by approximately 25% in
three years, from 3.25m in the winter of 2005 to 2.45m in the winter of 2008 and showed that this
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decline was essentially due to the disappearance of multi-year ice which, in the winter of 2008, was
responsible for only one third of the total volume of ice in the Arctic Ocean.

These findings are corroborated by an independent analysis of ICESat data by the Centre for
Polar Observation and Modelling of the University College London (Farrell et al., 2009). They found
that from 2003 to 2008 sea ice in the Arctic Ocean got thinner at the average rate of about
15cm/year in the winter and 17cm/year in the autumn. Note, however, that the decline was not
monotonic, as shown, for instance, by the fact that the average thickness in the winter of 2004 was
lower than that of the following winter. Of particular curiosity is the substantial drop in ice thickness
in the winter of 2008, with respect to the winter of 2007, in agreement with the above mentioned
work of Giles et al. (2008).

Other than the complications inherent to the determination of distances of the order of tens
of centimetres from a platform about 600 km above the surface of the Earth, the retrieval of the sea
ice thickness from ICESat observations must take into account that what is actually measured is the
elevation above the water line of the ice plus the snow that normally lies on top of it. The latter
represents an additional problem because large-scale measurements or estimates of the depth of the
snow on sea ice, and possible variations in recent times, are remarkably difficult.

In spite of these obstacles, Kwok et al. (2009) showed that there was satisfactory agreement
between ICESat retrievals of ice thickness during the 2005 autumn campaign and nearly coincident
measurements of the same quantity by a US submarine. By making the most of this rare opportunity,
they validated the techniques used to process the altimetry data and made the estimates of the
depth of the snow layer acceptable.

Figure 2-1 shows the Arctic Ocean sea ice thickness in March 2007 derived by Kwok and
collaborators from satellite observations. Dark blue for ice less than 1m thick, light blue for thickness
1-2m, turquoise for 2-3m, yellow for 3-4m, orange for 4-5m and red for ice thicker than 5m. We see
that most of the ice is less than 2m thick but there is still a substantial amount of ice thicker than 3m
(necessarily deformed multi-year ice) pushed against Greenland and the Queen Elizabeth Islands. no
attempt was made to assign values of ice thickness for the Barents Sea, Kara Sea, Baffin Bay and
channels of the Canadian Archipelago.
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Figure 3-1. Sea ice thickness distribution in March 2007 from ICESat measurements.

ICESat was decommissioned in August 2010 and NASA plans to launch ICESat 2 in early 2016.
In the meantime, ESA’s CryoSat Il was put in orbit in April 2010. Carrying on board the most
sophisticated altimeter ever manufactured, it is expected to map accurately the Arctic sea ice
thickness and to detect any small trends over the coming years. At the time of writing only
preliminary analyses have been released (http://www.esa.int) while the process of calibration and

validation of acquired data continues.

3.6 Electromagnetic sounding

The possibility of measuring the thickness of an ice floe by electromagnetic sounding is based
on the fact that the electric conductivity of the sea ice is negligible with respect to that of the
underneath sea water. A transmitter coil generates an electromagnetic field which propagates
downwards through air and sea ice. Inside the water the field quickly attenuates but it also induces
electric currents which, in turn, create a secondary field to be detected by a receiver coil. From the
intensity and phase of the received field we can infer the vertical distance between the coils and the
water. Once the height of the system above the ice (normally measured with a laser altimeter) is
subtracted from the latter we obtain the thickness of the sea ice (plus the snow that may lay on top
of it).
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The system developped at the Alfred Wegener Institute (AWI) in Bremerhaven, Germany, is
known to have a high accuracy over flat ice (about 10cm) but difficulties in finding the thickness of
unconsolidated ridges. In fact, because the conductive water percolates through the blocks that
compose the keel of a ridge, its depth is underestimated, often by 50% of the real draft.
Consequently, mean ice drafts of segments of highly ridged ice obtained with this technique have to
be used in moderation. On the other hand, the modal ice thickness which, as mentioned above,
tends to coincide with the thickness of the undeformed ice, appears to be a reliable parameter,
especially suitable to compare results of different years.

The AWI group began measurements of sea ice thickness by ground-based electromagnetic
sounding in 1991. Ten years later the same group opened the era of aiborne electromagnetic
induction measurements by flying a helicopter with the apparatus suspended at heights of 10-20m
above the surface of the ice. The system became then known as the bird. In 2009 it was for the first
time suspended to a fixed wing aircraft. There have been a total of 27 airborn campaigns between
2001 and 2011.

Helicopter surveys found a significant drop in the late summer ice thickness in the Transpolar
drift, from a mean and a mode of approximately 2.3 and 2.0m, respectively, in 2001, to 1.3 and 0.9m
in 2007 (Rabenstein et al., 2010). However, some care is needed in the interpretation of this result as
the flights took place in different areas. In any case, it reveals a much faster decline than the one that
occurred between 1991 and 2001. The latter, according to ground electromagnetic surveys, was of
the order of 20%, from 3.1 to 2.4m in mean and from 2.5 to 2.0m in modal ice thickness (Haas et al.,
2008).

In April 2009 the AWI group enjoyed another successful campaign with 2400km of data
collected during nine aircraft flights in different regions of the Arctic (Haas et al., 2010). Of these, we
shall briefly consider the 150km flight across Fram Strait, at an approximately constant latitude of
81°N, and a nearly 600km-long flight northwards from Alert, reaching almost to 88°N. In the first of
these, the team observed a mean ice thickness of 2.8m for the W part of the strait and 1.9m for its E
part. The modal ice thicknesses were 1.6 and 2.5m for first- and second-year ice, respectively, for the
western part of the strait, and 2.2m for second-year ice in its E part. For the second flight, their
analysis produced averages (modes) of 5.7m (4.4m), 5.3m (3.2m), 4.3m (3.1m), 3.7m (2.7m) and
3.4m (2.7m) for sections of about 100km with centres at latitudes 83°14’, 84°31’, 85°30’, 86°27’,
87°46’N, respectively, and longitudes not far from 65°W. In another flight, on the vicinity of the N
coast of Ellesmere Island, the average ice draft was about 6m, the highest recorded during the whole
survey.

The authors compared these results with previous ones and concluded that there were not big
changes since 2007, especially for old ice. In the region of the North Pole (roughly 87°-88°N), for
example, the modal ice thickness increased from 2.4m in 2007 to 2.8m in 2009. In the Lincoln Sea the
modal draft of 4.3m in 2009 was substantially higher than the 3.3m observed in 2008, in agreement
with the hypothesis of a fast recovery from the low values of 2008 that followed the remarkable
summer of 2007.

They returned to the Arctic with their flying machines in 2010 and 2011 but the results of their
observations are as yet to be published. However, a preliminary analysis ws presented to the
SIDARUS consortium in December 2011 (Schwegmann, 2011). Flights in the spring of 2011 are not
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directly comparable to the ones in the spring 2009 because of non-coincident tracks. The modal draft
at the end of the winter of 2011 in the Lincoln Sea was estimated in 3.0m. In the summer of 2011
more than 2500km of (mostly first-year) ice profiles were obtained during 16 flights in the central
Arctic Ocean, in areas nor far from the ones that were visited by the same group in 2007. The first
indications are that the overall modal ice draft had the same value as in 2007 (0.9m).

3.7 Other methods of ice thickness determination

Old fashioned drilling is by far the most accurate method to determine the ice thickness of
an ice floe and it is still in use when the region of interest has a manageable size, in the validation of
other more sophisticated techniques or in the calibration of new instruments. Drilling was routinely
used, for instance, in the extensive Arctic programmes of the Soviet Union that began in the early
1930s (Romanov, 2004).

Moorings equipped with upward-looking sonars based on technology arguably similar to that
of the AT780 were first employed in the measurement of sea ice draft in the Beaufort Sea in the late
1970s and early 1980s. A second generation of sonars, then coupled to acoustic Doppler current
profilers to measure ice velocities, was deployed in the same area of the Canadian Arctic in the early
1990s. Among their main specifications, described in Melling et al. (1995), we quote a nominal
beamwidth (defined as the angular width of the main lobe of the beam at -3 dB) of approximately 2°
and a depth of operation of about 70 m. Since 1991 long sea ice thickness time-series (of more than
one year) have been obtained with these instruments in several points of the Beaufort Sea, allowing,
for instance, the identification of trends in ice thickness in that part of the Arctic (Melling et al., 2005).

The same type of technology has also been used in the European sector of the Arctic. In the
late 1980s a year-long ice draft time-series was obtained at about 75°N on the vicinity of the east
coast of Greenland. The first deployments of moored upward-looking sonars in Fram Strait took place
in 1988 but it was only in 1990 that the continuous recording of the draft of the ice exiting the Arctic
Ocean through Fram Strait began. The moorings, operated by the Norwegian Polar Institute, are
located on the 79°N parallel at positions that change from year to year. The technical characteristics
of the instruments used to monitor the motion and the thickness of the ice in Fram Strait can be
found in Vinje et al. (1998). The nominal beamwidth of the sonar is again around 2° but they operate
at an approximate depth of 50 m.

Airborne laser profilometry in the Arctic Ocean has been used since the early 1970s to study
the frequency and height distributions of pressure ridge sails and the spatial distribution of surface
roughness (Wadhams, 2000). As the technology advanced, it became possible to obtain good
estimates of the ice thickness itself through reasonably accurate measurements of the ice freeboard.
Hvidegaard and Forsberg (2002) developed methods to determine sea ice thickness using a
combination of airborne laser altimetry and an accurate geoid model. These methods have been
applied in several aircraft surveys, namely in May 2004 in the region north of Greenland (Skourup
and Forsberg, 2006).
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Ice mass balance buoys, first developed by the Cold Regions Research and Engineering
Laboratory in Hanover, New Hampshire, and later also manufactured by the Scottish Association of
Marine Science in Oban, Scotland, are relatively inexpensive and efficient devices to observe how the
thickness of an ice floe and the depth of its snow cover vary throughout the season and, in some
cases, throughout a number of years. Equipped with a set of thermistor strings that extend from the
atmosphere down to the ocean through the snow and ice layers, they measure continuously the
temperature in each of these four media. What makes these buoys special is the possibility of
measuring separately the surface melting and the bottom ablation. As a bonus, one can also get
information about the ice velocity field.

It was based on data collected by ice mass balance buoys that Perovich et al. (2008)
concluded that one of the main causes of the small ice cover of the summer of 2007 was an
anomalously high melt from below in the Beaufort Sea (approximately 2m, or six times the average
of the previous years). The high influx of warm water from the Pacific in that year (Woodgate et al.,
2010) enhanced the bottom melt directly and indirectly. In fact, it triggered the appearance of areas
of open water at the beginning of the summer, which led to a large amount of solar radiation being
absorbed by the ocean which, in turn, induced further melting.

3.8 Conversion of draft and freeboard into thickness

From isostatic equilibrium, which in most cases is a convincing assumption, the conversion of
observed ice draft (d) into ice thickness (h;) is, in theory, quite straightforward:

h=2a_Psp
pi Pi
where p,, p; and p, are the densities of sea water, sea ice and snow, and h; is the depth of the snow
layer on top of the sea ice. In a similar way, the ice thickness is related to the elevation e above the
water line, which is the sum of the sea ice freeboard f and the snow depth, by

;= Pw_ o PwTPs hy
Pw—Pi Pw—Pi
In some applications, like ICESat measurements, one is forced to work with e instead of f because the

laser pulse is reflected at the snow/air interface.

The water density is traditionally taken as 1024 kg/m3. This is, for instance, the value used by
Hvidegaard et al. (2006), Spreen et al. (2009), and Kwok et al. (2009). However, Gascard and
Bourgain of the University of Paris VI observed near surface salinities between 1020 and 1027 kg/m?
in diverse locations of the Arctic Ocean during the EU DAMOCLES project.

Observed values of sea ice density range from 720 to 940 kg/m? with a sort of world average
of 910 kg/m? (Timco and Weeks, 2010). These authors distinguish between density of the ice below
the water line, with values of 900 to 940 kg/m3 for both first- and multi-year ice, and above the water
line, with values of 720 to 910 kg/m® for multi-year ice and 840 to 910 kg/m> for first-year ice.
Considering all information available, 910 kg/m® and 920 kg/m?® look like good bets for the bulk
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densities of multi-year ice and first-year ice, respectively. These figures are in line, for instance, with
detailed measurements in the early 1970s by Ackley et al. (1974) and Hibler et al. (1972). However,
other authors recommend slightly different values. Kwok and Cunningham (2008) use 925 kg/m? (for
both ice types) in their extraction of ice thicknesses from ICESat freeboards and mention that the
same value had been quoted by Weeks and Lee (1958) and Schwarz and Weeks (1977). Yi and Zwally,
who also processed ICESat data independently of Kwok and co-workers, use 915 kg/m?>. And finally,
Spreen et al. (2009) go for 887 kg/m? for multi-year ice and 910 kg/m? for first-year ice.

The situation with the snow density is even more complex, in part because of a strong
seasonal variability. Freshly fallen snow can have densities between 50 and 200 kg/m?, depending on
the temperature, but typically in the range 50-90 kg/m?>. For their retrievals of ice thickness from
freeboard measurements, Kwok and Cunningham (2008) start with the value of 200 kg/m3 for
September, followed by a non-linear increase to 330 kg/m’in March and remaining approximately
constant until the beginning of the summer (which is, incidentally, the value used by Spreen et al.
(2009)). Then during the summer there is a slight increase and the highest values, of the order of 350
kg/ms, are found in July, for whatever snow is left. This seasonal evolution is similar to the one
proposed earlier by Warren et al. (1999) who, instead, start from a value of 250 kg/m? for September
but warn that a wide range of values (100-325 kg/m?>) is possible in this month. For a recent review of
densities of snow and sea ice the reader is referred to the paper by Forsstrom et al. (2011).

But perhaps the largest uncertainties (at least in laser altimetry) are those of the snow depth.
Between 2002 and 2010 the large-scale distribution of the snow depth over sea ice was monitored
daily by the AMSR-E instrument onboard NASA’s EOS Aqua satellite. The technique for retrieving
snow depth from passive microwave imagery is described by Markus and Cavalieri (1998). According
to the authors of the algorithm, the extraction of snow depth is complicated by the presence of
multi-year ice, which has a radiometric signature similar to that of snow over first-year ice. Therefore,
the algorithm only retrieves snow depth in the seasonal sea ice zones and in regions where the ice
concentration is higher than 20% and the concentration of multi-year ice below 20% (Cavalieri and
Comiso, 2004). Perhaps because of these problems, snow fields obtained from passive microwave
are seldom used to generate sea ice thicknesses from satellite freeboard measurements.

One of the most used sources of information on snow depth over sea ice is the so-called
Warren Climatology (Warren et al., 1999). However, authors such as R. Kwok and J. Zwally do not
adopt it for two main reasons. In first place, it is based in measurements performed between 1954
and 1991 and it is not obvious that it is still valid today (there have been changes in precipitation
patterns at low latitudes and that may also be the case at high latitudes). And second because the
observations were made over multi-year ice and, as we know, that type of ice is no longer the
dominant one in the Arctic Ocean.

Kwok and Cunningham (2008) prefer to start from a certain snow depth distribution at the
time of minimum sea ice cover (mid-September), which, in fact, they borrow from the Warren
Climatology, and then calculate the snow accumulation over the year from the ECMWF snow fall
data. This is a quite elaborate procedure that has to take into account several effects, namely the
opening of leads.

Most of the snow fall in the Arctic Ocean occurs in the period September-December during
autumn and early winter storms. By October/November, the traditional time of the year for an ICESat
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campaign, Kwok et al. (2009) estimate the spatial average of the snow depth over sea ice in the
Arctic Ocean as 24cm, increasing to 30cm at the end of the winter. The amount of snow over multi-
year ice (26cm and 34cm in the fall and late winter, respectively) is typically higher than over first-
year ice (12cm and 22cm, respectively).

Putting together all this information, we are led to the approximate expression for the sea ice
thickness as a funcion of the elevation and the snow depth

h; = 9.39¢ — 6.46h;

If one does not want to go into too many complications regarding seasonal and spatial variations, this
equation seems to be a good bet (at least for the winter). It is used, for instance, by Kurtz et al.
(2009). It is clear that the two terms on the RHS give contributions of the same order of magnitude,
which means that the amount of snow plays a crucial role in the extraction of the sea ice thickness
from altimetry measurements.

On the contrary, in submarine measurements the snow depth can be safely neglected
because it only introduces a minor correction to the case of no snow. This has been hailed as one of
the greatest advantages of submarines over satellites for accurately measuring sea ice thickness. For
submarines it is quite safe to use

h; = 1.12d

PLEASE NOTE: Pages 32-46 are blank.
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4 Previous Royal Navy cruises

On 3 March 1971, HMS Dreadnought became the first British submarine to reach the North
Pole. Since then, Royal Navy submarines have been cruising the Arctic Ocean regularly, collecting ice
draft data (above all for operational reasons) that are then sent to the University of Cambridge
where they are analysed and archived by the Polar Oceans Physics Group, whose scientists were
often invited to join the cruises.

Table 4-1 contains the full list of Arctic voyages made by UK submarines where sea ice draft data
was collected. Data are mostly in the form of paper rolls, which is the normal output of the AP780
(an analogue instrument), but also in digital form for the most recent cruises, where the AP2077 was
in use.

Year Month Sonar System Processed
1971 August 776 Yes
1976 October/November MS45, SS Yes
1979 April/May 780 Yes
1985 June/luly 780 Yes
1987 May 780, SS Yes
1988 April/May 780, SS No
1989 April/May 780, SS No
1990 April 780, SS No
1990 May 780, SS No
1991 April 780, SS Partially
1992 April/May 780, SS No
1994 April 780, SS, 2077 No
1996 August/September 780, SS, 2077 Yes
2004 April 780, SS, 2077 Yes
2007 March 780, SS, 2077, Multibeam Partially

Table 4-1. UK submarine cruises to Fram Strait and the Arctic Ocean.

To this table we will add the April 1976 cruise of the American submarine USS Gurnard whose
data collected in the region N of Alaska were processed by P. Wadhams, at the time at the Scott
Polar Research Institute of the University of Cambridge.
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4.1 The 1976 Gurnard Cruise

Between 7 and 10 April 1976 the submarine USS Gurnard, equipped with a high frequency
upward-looking echo-sounder of very narrow beam (believed to be less than 3° wide), surveyed the
area around the AIDJEX (Arctic Ice Dynamics Joint Experiment) ice camp located N of Alaska at
approximate position (72°40'N, 144°W). The survey, whose 1400km-long track is shown in Figure 4-1,
can be divided into three legs: (1) OPQ, heading N, start at position (70°36'N, 144°13'W), end at
position (75°30'N, 144°20'W); (2) QR, heading approximately SSE, end at position (72°43'N,
138°15'W); and (3) RPS, heading W, end at position (72°43'N, 154°15'W). Point P in Figure 4-1 marks
the position of the ice camp.

FEON [overeereeeenes ................. ................
FUON [ oesesmsmmans ................. ...............
730N e . ol r e e o ................. ........ ‘ i
3 .
FOON sy ................. ................ .................. ............ i
719N 3,} ........... .................................. .............................. 3
. i Ol
200y e atast e ;
1 E‘EOW 152%% 148%W 144%y 140%

Figure 4-1. Track of the 1976 Gurnard cruise in the Beaufort Sea (in red). The track of the 2007 Tireless cruise
around the SEDNA ice camp is also marked (in blue).

Wadhams and Horne (1980) analysed the recorded ice profiles and found a mean ice draft of
3.81m. Accoding to the authors of the paper, the distribution of the different types of ice was as
follows: thin ice (0-0.5m), 0.9%; thin ice (0-1.0m), 3.4%; young ice (0.5-2.0m), 10%; level ice (2.0-
5.0m), 71%; ridged ice (5.0m or more), 19%.

The full track was divided into 27 sections of approximate length 50km whose centroid
location, length and mean draft are shown in Table 4-2.

. Centroid Draft
Section Length
Lat (N) Lon (W) Mean | Max | Mode

1 71°04’ 144°13% 53 5.09 | 23.13 ---

Page: 48/152



Asctic Climate Change
Economy and Society

Deliverable report: D1.25 - Completed analysis on previous submarine
voyages and delivery of report on single-beam thickness distributions

from submarine.

2 71°31" 144°14 51 4.22 | 28.83 ==
3 71°58 144°14’ 50 3.77 | 21.64 ---
4 72°25 144°1% 51 4.14 | 1960 | 3.1
5 72°52" 144°1% 52 3.92 | 22.65 2.7
6 73°20° 144°1% 52 3.45 | 2265 | 2.7
7 73°48"  144°20' 52 3.19 | 2054 | 2.0
8 74°17°  144°23' 53 337 | 2073 | 24
9 74°44°  144°22 51 3.61 | 20.09 2.0
10 75°08" 144°22' 51 3.47 | 16.86 | 2.7
11 75°16° 143°47 51 3.40 | 22.59 2.7
12 74°52" 142°4% 52 3.74 | 2365 | 2.7
13 74°16' 141°20° 52 3.70 | 20.97 2.7
14 73°52' 140°25’ 52 3.78 | 2493 | 2.7
15 73°29' 139°32 52 3.51 | 2338 | 2.7
16 73°04’ 138°44’ 53 3.38 | 1896 | 2.7
17 72°40° 138°15 52 3.89 | 2484 | 2.7
18 72°41" 139°50’ 53 3.87 | 1835 | 2.0
19 72°41' 141°26’ 53 3.62 | 26.73 2.7
20 72°43" 142°56’ 50 3.69 | 2036 | 2.7
21 72°45"  144°27 50 3.47 | 19.99 2.0
22 72°43" 146°24’ 53 3.53 | 19.66 | 2.7
23 72°43" 147°59’ 53 4.14 | 2448 | 31
24 72°42" 149°32 52 3.63 | 2201 | 31
25 72°41’ 151°03% 50 4.17 | 22.07 | 31
26 72°42" 152°39’ 53 450 | 29.23 | 31
27 72°43  154°1%’ 53 4.61 | 29.14

Table 4-2. Centroid, length (in km) and average draft (in metres) of each section of the 1976 Gurnard cruise in

the Beaufort Sea.

Mean drafts above 5m were only observed in section 1, which was also the one with the

highest fraction (40%) of ridged ice. The centroid of this section was located just 50 nautical miles N

of the Alaskan coast, an area of active pressure ridge formation due to drifting ice piling up along and

near the coast. In all other sections the ice distribution was, in general, quite uniform. In about half

of the sections the mean draft was between 3.5 and 4.0m. The lowest mean draft observed was
3.19m, just N of the centre of the survey.

4.2 The 1976 Sovereign Cruise

In October 1976 the nuclear submarine HMS Sovereign acquired 3750km of sea ice draft data in

the European sector of the Arctic Ocean. Its approximate track, together with the colour-coded mean

draft of each of its division into 100km sections, can be seen in Figure 4-2.
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Figure 4-2. Mean draft (in metres) for each section of the 1976 Sovereign cruise.

The first leg of the cruise, from position (81°N, 0°W) at the N entrance of Fram Strait, to
position (84°50'N, 70°W) N of Ellesmere Island, covers the heavily ridged ice zone off the N coast of
Greenland. The second leg, to the North Pole, ended on 23 October at 07:20 GMT. From the Pole the
Sovereign returned southwards along the 11°E meridian until it reached 85°N. Then the boat diverted
to run several zigzag tracks across the Arctic mid-oceanic ridge for hydrographic purposes. Then from
a position close to the centroid of section 4 to a position close to the centroid of section 37 (see
figure above) it reproduced its outward track a few kilometres to the south.

The analysis of the acquired ice draft data was performed by Wadhams (1981). Other than mean
and modal sea ice drafts for each of the sections, the author generated probability density functions
of ice draft and elevation, studied the level ice distribution, found empirical laws governing the
distribution of pressure ridge and lead spacings, the distribution of the depths of ridge keels and the
distribution of lead widths. Details of the procedures to measure sea ice draft, analyse the data
collected and the main results can be found in (Wadhams, 1981). Here we limit ourselves to
reproduce the results for the mean ice draft and for the distribution of ice types, see Table 4-3.

. Centroid Percentage of ice
Section Length | Mean draft
Lat (N) Lon <0.5m | 0.5-2.0m | 2.0-5.0m | >5.0m
1 81°22" 1°36'W 80 5.84 3.2 9 42 45
82°03" 5°08'W 89 5.77 10.0 10 40 40
3 82°41" 9°26'W 92 5.78 9.4 10 39 42
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4 83°18" 14°39'W 104 5.07 13.4 13 38 35
5 83°51" 20°46'W 90 5.38 10.1 11 44 36
6 84°18" 27°59'W 84 6.66 3.3 6 43 47
7 84°39" 36°23'W 88 6.32 3.6 4 47 46
8 84°52" 45°41'W 62 6.31 2.1 6 46 46
9 84°58" 55°35'W 74 6.05 3.7 5 48 44
10 84°55’" 65°19'W 43 7.49 2.5 4 38 55
11 85°18" 69°59'W 95 6.14 2.6 5 51 42
12 86°16° 69°59'W 100 6.41 5.1 5 49 40
13 87°14’ 70°01'W 100 5.72 8.3 9 46 37
14 88°18" 70°00°'W 101 4.38 4.3 9 62 25
15 89°22" 70°00'W 101 4.44 1.0 16 55 28
16 89°53" 65°00'W 100 4.25 2.5 15 56 26
17 89°44’ 21°43'W 101 3.94 6.4 15 56 23
18 89°03" 14°13’E 100 4.41 2.6 9 61 27
19 88°07" 11°35'E 101 4.60 2.4 9 59 30
20 87°12" 11°14’E 100 4.64 2.0 10 59 29
21 86°26’ 13°18'E 101 4.60 13 9 62 28
22 85°44" 18°58’E 100 4.50 4.2 11 60 25
23 85°26' 20°17'E 103 4.23 3.1 14 58 25
24 85°40" 12°21°E 100 4.59 2.6 11 58 29
25 85°45"  7°02°E 99 4.94 2.6 10 56 31
26 85°17" 11°21°E 101 5.06 2.1 10 55 33
27 84°47" 14°08'E 99 4.65 2.3 13 59 26
28 84°39"  8°21'E 104 4.67 0.5 10 59 31
29 84°26'  1°57’E 102 4.46 2.1 11 59 28
30 84°07° 0°37'E 102 4.51 13 9 62 28
31 83°46’  3°25°E 98 4.55 33 12 56 28
32 83°36° 3°19'E 100 4.86 6.3 9 52 33
33 83°54’ 5°16’'W 102 4.80 9.6 17 44 30
34 83°41" 11°50'W 95 5.97 2.6 11 43 43
35 82°50" 10°35'W 102 6.35 2.1 14 41 43
36 82°04° 6°40'W 101 5.02 11.2 20 37 32
37 81°21" 1°49'W 101 4.63 4.7 17 49 29
38 80°34’ 0°35’E 99 3.77 16.3 16 45 22
39 79°31  0°09'E 136 3.07 10.1 21 55 14

Table 4-3. Ice draft statistics for the 1976 Sovereign cruise.

Next, we divide the cruise into regions, as shown in Table 4-4. Such a division will later prove

useful to compare measurements of different cruises.

Region Lat (N) limits Longitude limits Length | Sections | Mean draft
Central Fram Strait1 | 81°00’ - 81°43’ 0°00’- 3°12'W 80 1 5.84
Northeast Greenland | | 81°43’-83°36" | 3°12'W —17°30'W 285 2-4 5.52
North Greenland 83°36’- 84°59" | 17°30'W —70°00°'W | 441 5-10 6.26
Going N at 70°W 84°50’ - 88°54’ | 69°58'W —70°01’'W 396 11-14 5.65
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North Pole 88°54’ - 90°00’ --- 302 15-17 4.21
Transpolar Drift 84°02’ - 89°32’ 0°10’E —22°31'E 1312 18-30 4.61
Northeast Greenland Il | 82°25’ - 84°06’ | 12°18'W —5°47’E 497 31-35 5.30
Central Fram Strait Il | 80°10’ - 82°25’ 8°51'W — 0°52'E 301 36-38 4.48
South Fram Strait 78°53’ - 80°10’ 0°52’E - 0°00’ 136 39 3.07

Table 4-4. Regions covered by the 1976 Sovereign cruise, their boundaries, length (in km), sections involved and
mean draft (in metres).

It is worth noting that the Sovereign was equipped with a very wide beam (17°) upward-
looking sonar which, in agreement with section 3.2, requires a strong beamwidth correction. The
procedure used to take this bias into account was described in the same paper by Wadhams (1981).
The values of the ice draft quoted in Table 4-3 and Table 4-4 are supposed to be the beamwidth
corrected ones.

4.3 The 1979 Sovereign Cruise

In a two-week period between 22 April and 4 May 1979 the Sovereign conducted a thorough
survey of Fram Strait and its approaches before proceeding to the Arctic Basin, providing a significant
contribution to our knowledge of the ice conditions in the area. It produced the first synoptic
measurements of the ice thickness distribution in the region at a time when no airborne technique
had yet been developed to sound sea ice. Its convoluted track permitted a dense grid of ice draft
distributions to be constructed from its upward-looking echo sounder profiles, sufficient to generate
contours of mean ice draft (Wadhams, 1983).

The track was divided into 50km sections and mean drafts and other characteristics of the ice
cover were determined. Table 4-5 shows the mean ice drafts for each section, identified by the
approximate position of its centroid, for latitudes above 80°N.

Section | Latitude (N) Longitude | Mean draft
1 80°00’ 5°E 2.09
2 80°45’ 4°E 2.42
3 80°45’ 7°W 5.09
4 81°00’ 7°W 4.24
5 81°15’ 2°E 3.96
6 81°25’ 6°W 3.66
7 81°40’ 0° 3.94
8 82°00’ 4°W 3.78
9 82°15’ 3°wW 4.25
10 82°20’ 0° 4.08

11 82°50’ 0° 4.97
12 82°55’ 0° 5.20
13 83°00’ 1°W 5.37
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14
15
16
17

83°00’ 2°E 3.69
83°20’ 3°W 5.96
83°30° 2°E 4.19
83°40’ 1°W 3.85

Table 4-5. Basic ice draft statistics for the 1979 cruise in Fram Strait.

In order to later compare these observations with those of other cruises, we present a

summary of the results in Table

4-6.

Latitude (N) Longitude | Mean draft (m)
80-82° 4-7°W 4.19
80-82° 0-5°E 3.10
80-82° all 3.65
82-84° 3°W-2°E 4.62

Table 4-6. Basic ice draft statistics for the 1979 cruise in Fram Strait.

The map in Figure 4-3, which we borrowed from Wadhams (1983), shows all ice draft values

obtained during this cruise and the approximate contours constructed from the observations.

Figure 4-3. Mean ice drafts from 50km sections obtained during the 1979 cruise (from (Wadhams, 1983)).
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4.4 The 1985 Cruise

In June and July 1985 a British submarine returned to the Arctic and obtained sea ice draft
profiles with a 45kHz sonar of narrow beam (less than 5°) in the Greenland Sea, Fram Strait and
northwards into the Eurasian Basin of the Arctic Ocean. The draft record was not corrected for the
effect of beamwidth as it was estimated (by Wadhams) that it would lead to a reduction of at most 1-
2% to the mean ice drafts. Data points were interpolated to 1.5m intervals and the record was
divided into 50km sections (Wadhams, 1989).

Figure 4-4 and Figure 4-5 show the mean draft of each 50km section plotted in the position of
the centroid of the section. The second figure is a detailed representation of the measurements
taken between latitudes 83°30’N and 84°30’N and longitudes 0 and 10°E.
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Figure 4-4. Mean ice drafts from 50-km track sections obtained during the 1985 cruise (from (Wadhams, 1989)).
The top box at high latitude is expanded in the next figure.
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Figure 4-5. Mean ice drafts from 50-km track sections obtained during the 1985 cruise (from (Wadhams, 1989)).

Table 4-7 has the basic ice draft statistics for this cruise. Note that in the last three rows the
mean draft is already an average over a large number of sections at those approximate coordinates.

Latitude (N) Longitude | Mean draft (m) | Number of sections
80°30’ 0° 3.09 1
80°30’ 3°w 2.29 1
81°15’ 0° 3.96 1
81°50’ 0° 4.00 1
81°50’ 2°W 3.80 1
82°00’ 1°E 5.24 1
82°30’ 2°E 5.45 1
82°45’ 3°E 6.03 1
83°15’ 3°E 5.44 1
83°45’ 4°E 4.73 6
83°50’ 7°E 4.93 13
84°15’ 3°E 491 17

Table 4-7. Basic ice draft statistics for the 1985 cruise in Fram Strait.

For the area 80-82°N, 0-3°W (first five rows of Table 4-7) the mean draft is 3.43m. For the area

82-84°N, 1-7°E (rows 6-11 of the same table) it is 4.98m.
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4.5 The 1987 Superb Cruise

Another cruise took place in May 1987 for which the exact track is not known but believed to
be similar to the 1976 cruise, in which case it would have been approximately as follows: northwards
in Fram Strait not far from the prime meridian; thence a W turn towards NE and N Greenland; thence
cruise N of Greenland at about 85°N, likely to be until 55°W (though possibly until 70°W if it is really
similar to the 1976 cruise); thence to the pole, northwards, along the 55°W (possibly 70°W) meridian;
and finally all the way down to Fram Strait along the prime meridian. The submarine was equipped
with an upward-looking echo-sounder of the type AP780 with a beamwidth of less than 5°. The total
length of the profile is reported to be 3400km in (Wadhams, 1992) and 6000km in (Wadhams, 1990).
The latter paper compares the main results of this cruise with those of the October 1976 cruise and
concludes that there was a significant thinning of the ice between the two cruises in the region N of
Greenland. The former paper describes in more detail the sea ice thickness distribution observed
during the cruise.

The approximate track of the Superb in Fram Strait is shown in Figure 4-6. Sea ice profiles were
obtained in two distinct areas: between the latitudes 72°N and 75°N (which is of little interest to us
because it cannot be compared with any other observations from other cruises), and between 76 and
82°N. In Table 4-8 we present the observed mean drafts in bins of 1° of latitude for some of the
northern sectors of the latter region.

30N

70°n

Figure 4-6. Regions where sonar data were collected in Fram Strait during the 1987 cruise. Dark boxes mark
extreme E and W limits of submarine track within 1° latitude increments (from (Wadhams, 1992)).
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Latitude (N) Longitude | Mean draft (m)
78-79° 1°E-4°W 1.0
79-80° 1°E-2.5°W 2.0
80-81° 1°W-2.5°W 3.3
81-82° 2.5°W-4.5°W 3.8

Table 4-8. Mean drafts for latitude bins of 1° of latitude in the 1987 cruise in Fram Stait.

Table 4-9 shows the mean ice draft for five 50km sections in the northernmost sector of Fram
Strait, between 80 and 82°N. The approximate positions of the centroids of the sections were taken
from (Wadhams, 1992). The mean draft for these 250km of track was 3.62m and the deepest keel
found had a draft of 23.55m.

Latitude (N) Longitude | Mean draft (m)
80°10’ 1°30'W 3.32
80°40’ 2°200W 3.33
81°05’ 2°40°'W 3.99
81°25’ 3°00°'W 3.95
81°50’ 4°00'W 3.53

Table 4-9. Mean drafts for 50km sections in the N part of Fram Strait during the 1987 cruise.

Wadhams (1992) found modal drafts of the order of 2.5m for the areas N of Greenland,
presumably around 85°N, and for the transect between 85°N and the Pole. In another paper
published two years earlier, Wadhams (1990) compared directly the ice thickness statistics of this
cruise with those of the 1976 cruise along similar transects. We shall come back to this in Chapter 7.
The same author made extensive studies of pressure ridge and lead distributions from the data
collected during this voyage.

4.6 The 1991 Tireless Cruise

The full track of the first voyage of the Tireless to appear in our report is shown in Figure 4-7. It
looks nice, doesn’t it, with that visit to the Pole and that eastwards diversion to Franz Joseph Land?
However, the reader must not get too enthusiastic with this long and potentially interesting track. In
first place because we are only in possession of sonar data for the portion of the cruise in Fram Strait;
second because the Royal Navy has not provided us with the detailed navigation logs; and finally
because the analysis of the AP780 draft records is still incomplete and no results will be shown in the
present issue of this report.
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Figure 4-7. Track of the April 1991 cruise.

4.7 The 1996 Trafalgar Cruise

The track of the Trafalgar during its journey to the North Pole and back in September 1996 is
depicted in Figure 4-8. For latitudes above 80°N we shall distinguish between the westerly track, at
about 5°W, and the easterly track, at about 5°E. In total, about 2100km of ice draft data were
collected in the voyage with both the old AP780 and the new AP2077. The latter is reported by
Wadhams and Davis (2000) as having a footprint of less than 5m which, at a typical depth of 150m,
corresponds to a beamwidth of less than 2°. The two authors considered that no beamwidth
corrections were necessary for such a narrow beam.
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Figure 4-8. Track of the September 1996 cruise (from (Wadhams and Davis, 2001)).

The ice draft statistics presented by Wadhams and Davis (2000, 2001) is based on AP2077 data.
They derived several statistic parameters related to total ice draft distribution, fraction of level ice,
and lead and pressure ridge distributions. Here we limit ourselves to quote the mean ice draft in 1°
latitude bins. This is done in Table 4-10, where the reader can also found the results of the 1976
cruise. The mean drafts for the W and E tracks are taken from Wadhams and Davis (2001) while the
combined values and the 1976 values (columns 4 and 5) are from Wadhams and Davis (2000).

September 1996
Latitude (N) October 1976

W E All

71-72° 0.78

72-73° 0.58

73-74° 0.52 0.53

74-75° 0.49 1.02

75-76° 0.59 1.20

76-77° 0.65 0.72

77-78° 0.32

78-79° 1.60 0.37

79-80° 1.67 1.32

80-81° 0.96 2.20

81-82° 1.54 2.05 1.57 5.84
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82-83° 2.12 2.15 5.87
83-84° 2.76 2.88 4.90
84-85° 3.09 3.09 4.64
85-86° 3.54 2.80 3.54 4.57
86-87° 3.64 3.64 4.64
87-88° 2.36 2.36 4.60
88-89° 3.24 3.24 4.41
89-90° 2.00 198 219 3.94

Table 4-10. Mean ice draft for the 1996 cruise and comparison with the 1976 cruise.

Based on this analysis, the authors concluded the overall decline in mean ice draft between
1976 and 1996 was 43% (41% if corrections for seasonality are included).
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5 The 2004 Tireless Cruise

5.1 Description of the cruise

In April 2004 HMS Tireless carried out the route shown in Figure 5-1. Along-track single-beam
upward-looking sonar data were recorded using an Admiralty Pattern 780 echo-sounder which
operates at 48 kHz with transducers (fitted on bow, fin and stern) having a reported nominal
beamwidth of 3°. This is the same system that had been used in previous Arctic voyages dating back
to 1979. The boat was also equipped with the newer Admiralty Pattern 2077 system, an upward-
looking sidescan sonar, an along-track oceanographic sensor package, an XBT launcher and an
upward-looking video camera.

Figure 5-1. Track of the April 2004 cruise.

We start counting time, along-track distance and sections on 01 April at 00:00:38, when the
submarine was at position (80°26’N, 0°30’E) at the edge of the ice-pack (the point marked with S in
Figure 5-1). For seven days the boat followed an intricate trajectory near the N-S axis of Fram Strait,
with a few changes of direction. It began with a leg in the S-N direction close to the prime meridian,
in which it reached a maximum latitude of 82°14’N in section 8. This was followed by several shorter
legs essentially in the N-S and S-N directions. When the boat was at 81°12’N it changed its heading
from S to SSW and then, at 80°08’N, to SE. Shortly after the end of section 18, at 13:14 on 04 April,
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approximate position (79°30’N, 0°10E), the submarine left the ice pack. For about two days it cruised
in ice-free waters, filling sections 19 to 29. We assume that the boat reentered the ice-pack on 06
April at 13:48, at position (80°48’N, 4°37’E), somewhere in the second half of section 30, though it
may have already been in the marginal ice zone for some time.

Figure 5-2 depicts the track of the submarine in Fram Strait, together with the 15, 50, 75 and
95% ice concentration contours on 05 April 2004 obtained from AMSR-E data. The different colours
of the track (red, orange and yellow) correspond to different regions of the strait, defined in Table
5-1 and Table 5-2.

¥ Grise vack - Fram Swait - APRIL 2004
&y

~—

Figure 5-2. Track of the submarine in Fram Strait during the 2004 cruise.

Once under the ice-pack, the boat headed N along the 5°E meridian and crossed the 84°N
parallel on 08 April at 00:59. About four and a half hours later, at the approximate latitude of 84°30’N,
it started turning W to round NE Greenland. Thence it followed the usual route N of Greenland at
around 85°N until it reached 65°W (point G in Figure 5-1).

Afterwards, in what we designate by GreenlICE Survey, the Tireless ran a series of lines under
the area which a month later was used for an ice camp experiment as part of the EU GreenlICE
project. This survey enabled the profiled ice to be studied by drilling, helicopter electromagnetic
sounding and with an array of tiltmeter buoys (used to derive ice thickness from wave dispersion). It
was also possible to compare submarine data with ENVISAT SAR imagery (Hughes and Wadhams,
2006). The GreenlCE Survey is defined here as the set of ice draft observations made W of the 62°W
meridian, between 19:34 on 10 April and 14:15 on 11 April. Its 247 km-long track is shown in Figure
5-3. In terms of 50km sections it includes the end of section 52, all of sections 53 to 56 and the initial
part of section 57. In terms of AP780 paper rolls it starts at roll/roll section/pixel=07/30/2065 and it
ends at 07/64/1726. The depth of the boat during the Survey was mostly around 130m, with short
intervals at 80m.

After this survey the boat took a ENE course but soon the upward-looking sonars stopped
recording ice drafts regularly. We processed AP780 data until the end of section 62, at 08:46 on 12
April, when the boat was at approximate position (86°00'N, 31°46'W), point H in Figure 5-1. From
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that point until the end of the voyage there are only about 50km of acceptable AP780 data obtained
in the vicinity of the North Pole on 18 and 19 April (sections 101 and 102). Thus, there is no AP780
data with sufficient quality in sections 63 to 100 and no data at all for the return journey from the
Pole (black portion of the track in Figure 5-1).

Almost all statistics for the ice draft and pressure ridge distributions that we are about to
present are based on AP780 measurements. The reader shall assume that this is the case unless
otherwise stated. However, we processed AP2077 data for sections 1-18, 20-24, 26-63, 67, 70-72, 74-
75, 78-79, 83 and 101-102, with the corresponding statistics shown in Section 5.5. There is no
AP2077 data available for the homebound journey.

68 -67 -66 -85 -84 -63 -62 -61

Figure 5-3. Track of the GreenICE Survey on on 10-11 April 2004.

In Table 5-1 we show the time intervals in which the boat was cruising inside each of the seven
regions, the numbers of the 50km-long sections that form the track inside each region and, in the last
column, the corresponding portions of the AP780 rolls in the form roll/roll section/pixel. In Table 5-2
the reader can find the exact boundaries of these regions, the length of the track with valid data and
the percentage of valid data in each of them.

Region Start time End Time Sections AP780 Rolls
Central Fram Strait | | 01 Apr 00:01 | 04 Apr 13:14 | 01-18 | 01/09/1446 —03/56/1696
Central Fram Strait Il | 06 Apr 11:04 | 07 Apr 04:53 | 30-33 | 04/25/2139 - 04/57/0693

North Fram Strait 07 Apr 04:53 | 08 Apr 01:15 | 34-37 | 04/57/0694 — 05/25/0531
Northeast Greenland | 08 Apr 01:15 | 09 Apr 02:59 | 38-43 | 05/25/0532 —05/70/0927
North Greenland | | 09 Apr 02:59 | 11 Apr 16:50 | 44-57 | 05/70/0928 —07/66/1851
North Greenland Il | 11 Apr 16:50 | 12 Apr 08:46 | 59-62 | 07/68/3597 —08/20/2934
North Pole 18 Apr 14:37 | 19 Apr 18:27 | 101-102 | 08/32/0584 — 09/32/3600

Table 5-1. Regions covered by the 2004 cruise, their start and end times, sections involved and AP780 rolls used.
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The region designated by Central Fram Strait is the portion of the strait comprised between
the 80 and the 82°N parallels. Within this band of latitudes we must distinguish two disjoint areas,
corresponding to the W (Central Fram Strait |, red in Figure 5-2) and E (Central Fram Strait Il, orange
in Figure 5-2) paths of the submarine. Such distinction is necessary because the ice<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>