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Preface

The Northern Sea Route (NSR) consists of the sailing routes in the Russian Arctic
between the Barents Sea in the west and the Bering Strait in the east (Figure 1). Itis the
shortest sailing route linking northwestern Europe and northeastern Asia. The
distance between Yokohama and Hamburg is almost half of that through the
Suez Canal and 10-14 days in sailing time can be saved using the northern route. How-
ever, the presence of sea ice significantly hampers navigation. In winter the sailing
routes are covered with ice, and even in summer some parts are ice-covered, especially
in the Laptev and East Siberian Seas. Therefore, a fleet of conventional and nuclear
Russian icebreakers supports safe and cost-effective ship transportation during the
different seasons.

Hydrometeorological information, including sea ice data, is accordingly an
essential and integral part of navigation safety. Therefore, the Northern Sea Route
Administration, founded in 1932, established a service of hydrometeorological
support for the region.

From the start of this service, polar aviation began ice reconnaissance to support
all shipping transport in the Arctic. By 1935, all foreign aircraft—except Dornier Wal
seaplanes which were used for ice reconnaissance until 1945—were replaced by
aircraft manufactured in Russia. In the 1950s, visual airborne ice reconnaissance
continued to be the main tool for sea ice monitoring and hydrometeorological services
for Arctic navigation. Annually, 30-40 Russian aircraft carried out 500-700 ice
reconnaissance flights. In 1964, the scientific and manufacturing association
NPO Leninets began developing SLAR specifically for ice reconnaissance. In
summer of 1966 AARI obtained the first TV images from ESSA-2 and Meteor-1.
In 1975 the first satellite of the Russian Meteor-2 series was launched and used for sea
ice monitoring. In September of 1983 the first satellite of the Russian Okean-01 series
with SLR (side-looking radar) was launched and, as a result, almost immediately
shipping support became more efficient.
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Preface xi

Routine sea ice monitoring today is primarily based on satellite remote-sensing
data in the optical and infrared range. However, weather- and light-independent
satellite remote-sensing data in the microwave range significantly improved the avail-
ability of sea ice information. This began in the NSR in August 1991, just 2 weeks after
the launch of the European Space Agency (ESA) ERS-I satellite, when real time
synthetic aperture radar (SAR) images were transmitted to the French vessel
L’Astrolabe to assist her navigation through the NSR from Europe to Japan. The
L’Astrolabe expedition, headed by Pierre Sauvadet, included an ERS-/ SAR project
between ESA, with Guy Duchossois as ERS-/ mission manager and the Nansen
Environmental and Remote Sensing Center (NERSC) in Bergen, Norway, with
Ola M. Johannessen as the project leader.

After the success of using SAR to route L’Astrolabe through the ice, the Nansen
Centers in Bergen and St. Petersburg, and the Murmansk Shipping Company (MSC),
conducted a number of campaigns to demonstrate the use of SAR for supporting the
operations of the nuclear icebreakers of the MSC and their convoys. The principal
project demonstrating the use of SAR in the NSR was “Icewatch” or, to give it its full
title, ““Real-Time Sea Ice Monitoring of the Northern Sea Route Using Satellite Radar
Technology™ that ran from 1994 to 1996. This was the first joint earth observation
project between ESA and the Russian Space Agency (RKA). Partners in the
“Icewatch Project”—in addition to ESA and RKA—were the Nansen Center in
Bergen, the scientific and manufacturing association NPO Planeta and, later, the
Scientific Research Centre for Exploration of Natural Resources (NITs IPR) in
Moscow, the Arctic and Antarctic Research Institute (AARI) of Rosshydromet in
St. Petersburg, the Scientific Foundation Nansen International Environmental and
Remote Sensing Center in St. Petersburg and the Murmansk Shipping Company
(MSCQ). Project leaders were Ola M. Johannessen of the Nansen Center and Alexey M.
Volkov of the Scientific Research Center for Exploration of Natural Resources (NITs
IPR) under RKA, with Guy Duchossois and Giinther Kohlhammer of ESA and
Georgy M. Polishuck of RKA as space agency representatives.! Based on the
“Icewatch Project” two ERS-1 and -2 SAR receiving stations were installed in the
Russian Federation—one in Moscow and the other in Khantymansiisk in western
Siberia.

Following on from the “Icewatch Project”, SAR data from ERS-I and -2, the
Canadian Radarsat and the ESA Envisat started to be used semi-operationally in the
NSR jointly with ice monitoring from AARI. This is the basis for this book, which is
jointly written by authors from NERSC, AARI, NIERSC and MSC. Half of the
writing of this book was funded by ESA through José Achache when he was Director
of Earth Observation in ESA and Joseph Aschbacher, Programme Coordinator at
ESA, while the remaining half was financed by institutional funding.

This book was also a component of the EU/INTAS Climate and Environmental
Change in the Arctic (CECA) project, which was led by Prof. Ola M. Johannessen,

I'Mr. Alain Fournier-Sicre, Head of the ESA Permanent Mission in the Russian Federation,
Moscow, was instrumental in facilitating the cooperation between the two space agencies.
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NERSC, with Dr. Leonid Bobylev, NIERSC, and Prof. Lennart Bengtsson, Max-
Planck Institute for Meteorology, as partners. The CECA Project was awarded the
Laureate of the EU transnational research Descartes Prize in Earth Science for 2005.

Ola M. Johannessen Leonid Bobylev Ivan Frolov
Director NERSC Director NIERSC Director AARI
Nina Novikova Volker Liebig Anatoly Eu. Shilov

NTsOMZ Director of EO, ESA Head of Department, RKA
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Introduction

This book covers a range of topics related to the monitoring of sea ice conditions in
support of navigation in the Northern Sea Route (NSR). It includes the history of
exploration of the Northern Sea Route, organization of sea ice monitoring, analysis of
sea ice conditions, methodologies of satellite remote sensing of sea ice for supporting
navigation and climatic variability of sea ice conditions in the Arctic Ocean and the
Northern Sea Route. Use of the most advanced microwave techniques of sea ice
monitoring—such as SAR data provided by the European ERS-1, ERS-2, Envisat and
the Canadian Radarsat satellites—is specifically addressed.

Chapter 1 presents a brief history of Northern Sea Route exploration, the present
period and future prospects for its use. During the 17th century the Russian Pomors
and Cossacks sailed along the western and eastern parts of the Northeast Passage and
discovered the Bering Strait. In the early 18th century the Great Northern Expedition
mapped almost the entire coast of the Arctic Ocean. Many renowned expeditions were
accomplished in the 19th century. Thus, Nordenskjold onboard Vega passed for the
first time through the entire NSR. De-Long attempted to reach the North Pole
onboard Jeannette. Fridtjof Nansen’s Fram sailed eastward through the Kara and
Laptev Seas, where her transarctic drift started. Also, from the second half of the 19th
century, trade shipping was developed in the Kara Sea for exporting Siberian mineral
resources and importing industrial goods. By the beginning of the 20th century the
whole Arctic coast had been discovered and studied, and navigation maps of Eurasian
Arctic seas produced.

Studies and exploration of the Northern Sea Route continued during the Soviet
period using icebreakers, aircraft, research vessels and a network of hydrometeoro-
logical stations. In 1932 the Northern Sea Route Administration was given the task of
finally laying out the sea route from the White Sea to the Bering Strait, equipping and
maintaining it in good state and ensuring safe navigation along it. Accordingly, a
service of hydrometeorological support including sea ice monitoring for navigation
was organized. In 1933 the Sibiryakov completed her voyage all along the NSR during
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one navigation summer season. Since 1935, shipping operations—servicing the ex-
tensive industrial development in the Eurasian coastal Arctic area—were conducted
according to the Soviet plan for cargo operations. Transport of goods in the Northern
Sea Route continuously increased and during the late 1980s more than 6 million tons
per year were shipped.

From July 1991 the NSR was officially declared open for non-Russian merchant
vessels, and the French vessel L’Astrolabe was the first to pass through from west to
east. However, after the Soviet period, much of the industrial production in the
northern regions decreased and cargo turnover through the NSR was only 1.5-2.0
million tons after 1996.

However, the recent increase in oil and gas exploration and production and the
associated increase in industrial activities in the areas of the far north of Russia will
cause a further increase in transport in the NSR in the years to come, since the shelf
area of the Arctic Ocean has 20-25% of the world’s remaining oil and gas reserves.
Therefore, safe operation in ice-infested waters in the NSR requires real time hydro-
meteorological and sea ice information of high quality and reliability.

Chapter 2 is devoted to sea ice conditions for the whole Arctic Ocean and in
Eurasian Arctic Shelf seas. Significant seasonal changes in ice area in the Arctic Ocean
occur in the marginal seas, with the seasonal maximum and minimum of ice extent in
March—April and in September, respectively. Two major features of ice drift in the
Arctic Ocean are the anticyclonic Beaufort Gyre and the transarctic ice flow between
the North Pole and the northern margins of Eurasian Shelf seas, towards the
Greenland Sea and Fram Strait.

Knowledge of sea ice conditions in Eurasian Arctic seas is essential for navigation
in the Northern Sea Route and the offshore industry. Analysis of 50 years of observa-
tions from Russian polar stations and visual ice reconnaissance data allowed studying
of ice formation and ice thickness growth, ice exchange between Eurasian Arctic seas
and the Arctic Basin, distribution of fast ice, flaw polynyas and drifting ice. First-year
ice prevails in Arctic Shelf seas; however, multi-year ice is often observed in the
East Siberian Sea and in the northern parts of the Laptev and Kara Seas. On
average, before the annual onset of ice formation, 80% of the eastern Laptev Sea
and 85% of the southwestern Chukchi Sea are ice-free while the Barents Sea and the
southwestern Kara Sea are almost ice-free. The northeastern Kara Sea and the
western areas of the Laptev Sea and the East Siberian Sea become approximately
50% ice-free.

Chapter 3 addresses various aspects of sea ice monitoring and services in the NSR
and in other Arctic countries. Soviet sea ice reconnaissance flights were made part of
the hydrometeorological service for navigation at the beginning of the 1930s, and
later on ice reconnaissance flights were made every 10 days more or less regularly
during the entire navigation period. In the last decades of the 20th century various
airborne remote-sensing techniques—such as side-looking airborne radars, radar
video-impulse sea ice thickness meter, optical and radar satellite images—were imple-
mented and widely used for operational support of shipping and compilation of
weekly composite ice charts for the entire NSR. The first stage of an automated
ice information system for the Arctic was accepted for commercial operation in 1989.
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The Center for Ice and Hydrometeorological Information at the Arctic and Antarctic
Research Institute (AARI) provides ice information to users in near-real time. They
regularly issue ice charts and ice forecasts. With the end of regular airborne ice
reconnaissance in the early 1990s, satellites became the main tool for acquisition
of sea ice information.

To ensure safe operations in ice-covered seas operational monitoring of sea ice
and icebergs has been developed in Arctic countries over several decades. The major
ice services in the northern hemisphere are the U.S. National Ice Service, the Canadian
Ice Service, the Danish Ice Service for Greenland waters, the Icelandic Ice Service and
the Norwegian Ice Service, all of which are briefly described.

A study of users’ requirements for sea ice information was done as part of the
“Icewatch Project”. The major user of sea ice information for navigation in the NSR is
the Murmansk Shipping Company, being responsible for provision of icebreaker
escort of merchant ice class cargo vessels and tankers. Depending on the purpose,
tasks and objectives, ice information is divided into three main categories: strategic,
operational and tactical. Analysis of different remote-sensing data concludes that
Envisat and Radarsat SAR radar images, which can cover the entire area of the NSR
in a 48-hour period, to a large extent satisfy users’ requirements for support of
navigation in sea ice, and therefore need to be routinely implemented in AARI’s
operational systems.

Chapter 4 deals with methodologies of satellite remote sensing of sea ice.
Currently, Russian sea ice monitoring of the Northern Sea Route is based primarily
on the optical and infrared images from NOAA and Terra satellites. Classification of
sea ice parameters from these images is done, and derivation of ice thickness using
IR images is also possible in the absence of clouds and for sea ice up to 120cm
thick.

The major principles of synthetic aperture radar (SAR) are described. Analysis of
backscatter (¢°) from sea ice shows that, at the C-band, surface scattering is pre-
dominant for young and first-year ice, as well as summer ice, while volume scattering is
typical of old ice in winter conditions. Typical changes in radar backscatter from sea
ice during winter are: low backscatter from grease and new ice and nilas; increase for
pancake and gray ice; decrease in first-year ice; and, finally, increase for multi-year ice.
Significant differences between the backscatter of the same ice types was found be-
tween sea ice at the ice edge and within the pack ice, but this was due to different
roughness.

Signatures of the principal sea ice types and their expressions in ERS, Radarsat
and Envisat SAR images have been specified and verified based on a series of sub-
satellite field experiments. The main sea ice parameters—including stages of ice
development, forms of fast ice and pack ice, ice edge location, polynyas, ice
surface features and icebergs—have been derived from radar images. Some ambi-
guities in their interpretation are caused by the similarity of signatures between
different sea ice types and features. Techniques currently used for automatic classifica-
tion of SAR images are presented. Furthermore, description of the methodology of ice
chart compilation from satellite images and principles of sea ice mapping and gen-
eration of digital ice chart data are described. Examples of ice charts compiled from
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different satellite sensor systems are presented including the use of Geographical
Information System (GIS) tools.

Chapter 5 is devoted to studies of sea ice conditions in western and eastern parts of
Eurasian Arctic seas. Regular use of satellite images for monitoring the Barents and
Kara Seas began in the early 1970s, and after 1991 composite ice charts have been
based on the optical and infrared range as well as side-looking radar (SLR) satellite
imagery from the Russian Okean satellite. In spite of relatively coarse resolution they
allow detection of ice edge, boundaries of landfast ice and polynyas and zones of
different concentration and age with sufficient accuracy, including seasonal changes.

Satellite SAR data are used semi-operationally for studies of sea ice conditions in
the NSR, and some results of these studies are described. The fast ice boundary in the
western part of the Eurasian Russian Arctic and around Franz Josef Land was
determined from Radarsat ScanSAR images for selected years. Furthermore, using
ERS SAR and Radarsat ScanSAR images, the mean and standard deviations of
polynya widths have been determined in the western Eurasian Arctic. Short-term,
medium-term and long-term ice drift estimates were derived from successive satellite
images for the Laptev Sea. The SAR imagery represents a unique capability for
mapping ice drift in straits and near the coasts where other data sources provide
limited information because of limited spatial resolution and cloudiness.

Chapter 6 deals with semi-operational use of SAR data for supporting ice
navigation. Since 1991 the Nansen Centers in Bergen and St. Petersburg together
with Murmansk Shipping Company have demonstrated the use of SAR data for
planning and selection of the navigation route in sea ice. Ten expeditions are
described. In these expeditions ERS-1/2, Radarsat and Envisat SAR images were
transmitted to icebreakers in near-real time to help them navigate in sea ice. This
experience proves that high-resolution light- and weather-independent SAR images
can be effectively used for both strategic and tactical support of icebreaker operations
in sea ice. In 2004-2005 Envisat ASAR images for the western part of the NSR
were routinely transmitted every 3 days to the MOH at the Murmansk Shipping
Company, which selected and transmitted sailing routes to the nuclear icebreakers.
Even in relatively easy sea ice conditions during winter—spring 2005 the average
speed of ships in ice increased by about 30-40% as a result of using SAR data for
ice routing.

The methodology of using SAR data onboard icebreakers for their tactical
navigation in sea ice was also tested in many of the expeditions. It includes processing
SAR raw data to make images, transmission of the images to icebreakers in the
Northern Sea Route and their use by captains for ship routing. Experience of
using satellite imagery in the optical and infrared band onboard the icebreakers is
also described. Here, particular attention is drawn to the present technique of NOAA4
and Meteor imagery presentation onboard icebreakers in the Electronic Chart
Display and Information System (ECDIS) of ship navigation.

The future of sea ice monitoring in the NSR should combine use of remote-
sensing data in different spectral ranges, including routine use of SAR data, imple-
mentation of new information products for ice services and efficient distribution to
users. Any future system of satellite monitoring for the purpose of ice navigation
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should primarily be based on satellite data with a spatial resolution of at least
50-100 m and subject to daily coverage.

Chapter 7 is devoted to the climatic variability of sea ice in the Arctic with the
emphasis on the NSR. Long, continuous, observational data sets are necessary in
order to investigate the long-term climatic fluctuations of sea ice. AARI data are the
most comprehensive record for the Northern Sea Route and the greater Eurasian
Arctic.

Overall, the interannual fluctuations of ice area in Eurasian Arctic seas during the
20th century indicate a gradual decrease through the century. However, interannual to
multi-decadal variability in the ice cover area of the Arctic Ocean and its seas can also
be characterized as having a quasi-periodic behavior on multiple time scales. AARI
data analysis found these variations to be characterized by cyclic fluctuations with
periods of 2-3, 5-7, 812 years and about 20 and 50-60 years, respectively.

Sea ice data sets derived from passive microwave data are among the longest
continuous satellite-derived geophysical records, extending over the last quarter
century. Analyses of merged SMMR-SSM/I data establish the decrease in Arctic
sea ice area and extent (1978-2005) to be about ~3% per decade. Sea ice decrease in
recent decades has been larger during summer, and September 2005 was the absolute
minimum extent observed. A relatively large (~7% per decade) reduction in the multi-
year ice area was found for the same period.

Knowledge of the long-term variability of ice cover in the Arctic Ocean and its
marginal seas is of crucial scientific importance for climate study development, but
also of strategic importance for planning shipping and other types of economic
activities—such as gas and oil production in the Arctic, particularly in the Northern
Sea Route.

The AARI authors of this book present sea ice scenarios for the 21st century using
statistical models based on observed climatic variability of sea ice cover in the 20th
century and predict that the ice extent will vary with a dominant period of 50-60 years
reaching maximums around 2030-2040 and 2090-2095, respectively, and minimums
in-between.

On the other hand, the Norwegian group of authors (Johannessen et al., 2004)
predict—Dby use of two coupled global climate models—that a reduction in the ice
extent of 80% will occur during the summer as a result a doubling of CO, in the
atmosphere and 20% during wintertime. These predictions are also strongly
supported by the ACIA (2004). However, internal variability of the climate
system—as observed with the strong warming event that peaked around 1940 and
caused a major reduction in sea ice extent—can upset these predictions (Johannessen
et al., 2004). Finally, an assessment is made on how future climate will affect ice
conditions in the Northern Sea Route.

The Afterword discusses present and future situations regarding gas and oil
production and reviews other industrial activities, including the future use of the
Northern Sea Route.





