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PREFACE

The Second International Conference on Arctic Resealanning (ICARP II) was held in
Copenhagen, Denmark from 10 November through 12kder 2005 and brought together over
450 scientists, policy makers, research managedigenous peoples, and others interested in and
concerned about the future of arctic research. dgitr@lenary sessions, breakout sessions and
informal discussions, conference participants astdre long-term research planning challenges
documented in twelve draft research plans. Follgwire conference drafting groups modified the
plans to reflect input from the conference disaussiand input from the ICARP Il web site. This
science plan is the culmination of the process.
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4.1. Introduction

The isolation of the deep, central Arctic Oceansdoat insulate it from climate change. All evidence
indicates that a complex suite of interrelated apheric, oceanic, and terrestrial changes are now
underway in the Arctic, affecting every part of fi@dar environment. Understanding and quantifying
these changes is complicated by the sparsenesgahagraphic and geophysical data from the
circum-arctic environment. Without these data, ilt mot be possible to understand contemporary
processes, or to predict future change or the cuesees of change.

The Arctic Ocean (Figure 4.1) was created by plteonic processes, in two episodes, one primarily
Cenozoic the other essentially Mesozoic. It isposgory of information about ancient climate and a
natural laboratory for the study of ocean circulatprocesses. Plate boundaries extend across
latitudes. Transfer of heat and mass in the ocaadstmosphere do not respect geographical
boundaries. Complete understanding of climate chamgl the geological history of the northern
continents awaits comprehensive study of the deefic®Ocean. Two complementary approaches are
necessary to achieve this goal: contemporary pscateslies and historical studies.

Figure 4.1.The deep central Arctic Ocean is known only supgtfy and is not well understood.
Exploration of the basin will enable the constrowctof truly global climate and plate tectonic madel
for the last 150 million years of earth historytBanetry is from the International Bathymetric Map
of the Arctic Ocean (Jakobsson et al., 2000).
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4.1.1. Contemporary Process Studies

The gross circulation of the Arctic Ocean has regrbcompletely described. This circulation
distributes waters from the rivers, continentalse® and gateways throughout the Arctic Basin. How
these waters interact is known only in outline. Htwid fluxes vary in time, perhaps in conjunction
with the Arctic Oscillation, and how these variasdanfluence the atmosphere, sea ice, climate and
biology is almost unimagined. Meso-scale proceéses, eddies) have been inferred but have only
been glimpsed in a few locations.

The current push for real-time observations (&8BARCH (Study of Environmental Arctic Change)
and DAMOCLES (Developing Arctic Modelling and Obgieig Capabilities for Longterm
Environmental Studies)) will build understandingloé contemporary environment and augment the
few locations with relatively long land-based retrThe study of the central basin will require
building upon the success of the International idrBuoy Program (IABP) to develop more
sophisticated drifters and the implementation efAlnctic Ocean Observing System (IAOOS). A
permanent, autonomous instrumented presence iseddn the Arctic Ocean to observe the dramatic
seasonal variations in this heterogeneous, loealtyseasonally inaccessible basin.

While a year round presence will be necessaryulysseasonal changes, larger scale studies will be
needed to connect restricted but densely instrugdesrieas to regional processes. It is known that
many of the large bathymetric features in the bdsiect and shape circulation. Mapping of these
features, in conjunction with detailed oceanograpVork, is the best means both to understand the
processes in place and to make use of availabigtica] resources (e.qg., icebreakers and submarines

Essential to studies of change is the ability tegnate data sets across time scales ranging from
minutes to centuries. The push for observatorigs,(BEARCH and DAMOCLES) is critical to the
collection of measurements that fully charactepsent conditions, but is not sufficient to enahke
reconstruction of past conditions. Acquisition gdtbrical records and compilation of archives into
coherent structured data bases will be necessaypioort synthetic study of the Arctic Ocean and
modeling that will link these observations. Thedeg of this work will be the data sets that future
generations can use to assess the earth and testamde more clearly than we can today, how the
planet has changed.

4.1.2. Historical Studies

The unexplored history of the Arctic Ocean mayialich about the future. Arctic climate has
changed dramatically since the end of the CretacBauiod as connections to the World Ocean have
opened and closed. These gateways influenced giagbalation and substantially modified equator to
pole climatic gradients. Since the Mesozoic Eretoteic, primarily extensional, processes created
bathymetry, shaping exchange with the World Oceahcirculation within the Arctic Ocean.

The formation of the Arctic Ocean changed the dewd the surrounding continents. Reconstructing
the history of the Arctic Ocean and the opening @boding of its various gateways (e.g., Bering i§tra
Fram Strait, Cretaceous Seaway) would define thle latitude boundary conditions for world climate
and substantially improve how we understand theosading continents.

Understanding the contemporary oceanography of\tbhiéc Ocean will provide context to these
historical studies, but the only way to reconstthet history of the Arctic Ocean, spanning a triamsi
from near tropical conditions in the late CretaceBeriod, through the Pleistocene glaciation, ¢o th
present conditions of rapid change, is to recadverdng records preserved in the sediments belew th
seafloor. A coupled program to study the presentlitmns, map the seafloor, collect geophysical
data and, ultimately, to drill into the sedimentaegtion would make it possible to recover the méso
of the climate experiments the unobserved eartlitbiaducted since the end of the Mesozoic Era.
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It is not possible to understand the earth as afdgsblated fragments. Tectonic and climatic peses
connect remote regions of the globe across gretdrdies. Truly global understanding of tectonics,
climate, and climate history awaits the resultaggressive study of the deep Arctic Ocean.

4.2. Focus

The goal of this ICARP Il science plan is to definset of pressing science questions that can be
addressed using available or developing technabegy the next ten years. These questions are, in
large part, defined by the dramatic changes swgegross the high latitudes, as revealed by
changing sea ice thickness and extent, water teaatyes, vegetation distribution, and storm intgnsit
and frequency. These changes have already hadisenosequences for human habitation at high
latitudes and will, as they progress, have furtdmrsequences for humans worldwide and the
ecosystems that they inhabit.

By summarizing and reviewing the available inforimatfrom many disciplines, the Arctic Climate
Impact Assessment (ACIA, 2004, 2005) made the $iegp toward understanding these processes and
framing research questions that will motivate staflthe deep Arctic Ocean for the next decade. This
ICARRP Il science plan builds on that foundatiorighlight particular needs and opportunities for
arctic science in the coming decade.

4.3. Key Scientific Questions

In the central Arctic Ocean, water can be foundlinhree phases throughout most of the year. Water
derived from rivers, adjacent continental shelaes] two connected oceans circulate, exchanging heat
and material. In this heterogeneous environmeantpland animals thrive and disappear, taking
advantage of local habitat and responding to highhable conditions.

Understanding the contemporary coupled processesltive the exchange in the basin will require
spatially integrated observations unified by maugliThe bathymetry and structure of the Arctic
Ocean define circulation in the deep basin todayowing when gateways opened and closed and how
the bathymetry developed over time are criticalrstzury conditions for paleo-oceanographic study.
Scientific drilling will be necessary to eluciddbe transition from near tropical conditions in the
Eocene to the present day.

The coupled processes at work in the Arctic Oceamat amenable to isolated study by the
traditional disciplinary divisions of contemporaygeanography. In the following sections, key
scientific questions are defined by discipline; lboer, successful research programs should be
integrative, synthetic, and multi-disciplinary t@ke the most of limited access and logistical
resources.

4.3.1. Biology

Life in the Arctic Ocean survives through dramat@asonal variations. At all trophic levels habigat
defined by ice and mixing seawater. These remotatisd ecosystems may be refugia for unusual life
forms unique to the Arctic. Understanding how théterogeneous environment shapes the contained
ecosystems and how these ecosystems will changdimesare critical goals for future work.

Because arctic ecosystems are adapted to extrerimerenental conditions with large seasonal
forcing the increasingly rapid rate of recent cliemehange poses new challenges to the resilience of
arctic life. The entire system — including the cah#rctic and the deep basins — is likely to be
severely stressed by changing ice and water conditvarying primary production and food
availability to faunal communities, an increasedmtaminants, and possibly increased ultraviolet
radiation. As the environment changes at a ratermyhe adaptive capacity of some arctic
populations, ecosystems may not be strong enougfthstand the sum of these factors which might
lead to the elimination of some habitat nichescgse and communities. This is especially the tase
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the central Arctic Ocean where we can only speewdabut the fate of biological communities
because the data base on existing species is efyrémited.

How has life adapted to the strong seasonal cyctéé Arctic and to sea icduring numerous
international expeditions many biological samplagehbeen taken and analyzed with regard to
species distribution, and to the levels of primang secondary production during summer months in
the ice-free areas of the arctic shelf seas. Sewerenditions restrict access such that littleniswn
about biological processes beyond the easy acoess i@ the marginal ice zone near shore. As a
result, there is only limited information about elgs composition and distribution in the three meari
subsystems (cryosphere, pelagic, and benthic realthe central Arctic Ocean. Limited access limits
observations to the summer season. The biologgealonal cycle as it is manifest in reproductive
cycles, over-wintering strategies, and metabolepsations during winter, is almost completely
unknown.

What are the interactions between shelf, slope,degp-sea ecosystems in the Arctic@ontrast to

the Antarctic, the Arctic Ocean is surrounded mdlaasses. The surrounding continents restrict and
deliver freshwater through rivers to the basin. étht0% of the global river runoff is delivered teet
Arctic Ocean, which contains 25% of the World Ocsahelf area. The freshwater discharge helps
maintain the stable halocline, supports sea iaadition and primary production, and delivers huge
amounts of sediments, nutrients, and pollutants fitee river mouths via estuaries into the shel§ sea
and the adjacent deep basins. For the EurasiaicArtttal annual discharge of 2960 ¥meshwater
containing 115 million tonnes of total suspendedtenavas calculated by Gordeev et al. (1996). Past
European projects like OMEX (Ocean Margin Exchargedrly indicated the importance of
particulate matter transport from the shelves theodeep-sea ecosystem.

This transfer of water, sediment, and dissolveaiggeacross the shelf influences the deep basin.
Freshwater mixes with marine water on its way naattering dissolved and particulate matter and so
modifying the availability and distribution of nignts in the water column.

What nutrients pass through the marginal shelvastime deep basind® the course of the past
decade the importance of marine organisms in th®oaand nitrogen cycles, the so-called biological
pump, has been thoroughly investigated. One reétitis was the discovery that settling particles
transfer carbon from the photic zone down to ttaélser, influenced by complex interactions between
phytoplankton and zooplankton. It also became dlegtrthe continuous particle exchange between
the sediments and the cloudy zone near the botlays pn important part in the scheme of individual
element cycles. Annual cycles of particle fluxesehpreviously been studied at great depth in the
adjacent Nordic Seas. Particulate organic carhontfl the seafloor has only been investigated in a
few regions adjacent to the Arctic Ocean. In thire\rctic Ocean, only data from a few short-term
deployments along its fringes (north of Spitsbergem the Nansen, Amundsen, and Makarov Basins)
and one long-term deployment from the LomonosowgRig@tlose to the Laptev Sea) are available.

What determines the biodiversity in the centraltikr©cean?There is evidence that higher species
diversity may help stabilize ecosystems againstrhances. During disturbances, closely related
species may take over the eco-functional role abdimpated species. The few quantitative
zoobenthos samples taken in some of the permarenbiered regions of the Arctic gave moderately
high diversity indices for the macrozoobenthos.d&se large motile epifaunal organisms modify and
structure the sediment surface (“benthic engingg&rithus creating microhabitats for smaller specie
any loss of large species should consequentlyl@edgbto a loss of such habitats and their inhadpitin
species.

Any discussion about marine biodiversity must bgpsuted by systematic sampling to establish
baseline conditions and identify shifts in disttiban patterns of species. Systematic sampling @f th
arctic marine biosphere should be one of the majaatives in future research and should focus on
the possible effects of loss of key species aer#fit trophic levels of the ecosystem as well athen
effects of invading (“alien”) species favored bywianmental changes. Special attention should be
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paid in the future to bacterial communities becafd@eir significant contribution in organic matte
transformation.

How will climate change affect ecosystems and berdity?Considering the anthropogenic influence
on biological diversity, a discussion of the sigrahce of individual species for the stability of
ecosystems has been developing. In the marine gfensythere is a notable tendency toward loss of
species diversity in coastal shallow water regidiese areas are important for human use and
activity. An important topic of future researcthisw a change in diversity affects the dynamicsef t
high Arctic material cycles. This kind of study sitabconsider more strongly the role of individual
species — in terms of their ecophysiological antketje variability — than has previously been done.
Some further aspects of future biological reseahwuld ascertain the effects of species loss and
immigrating species on the biogeochemical matgaghways and on the stability of arctic deep basin
ecosystems, to elucidate species-specific conioibsibf the many locally occurring bacteria to the
current material turnover and verification as tavttbis contribution varies with changing
environmental conditions, or to clarify the conmectbetween diversity and stability in pelagic and
benthic communities of the arctic deep basins.

What is the nature of the deep biosphere of theaefrctic Ocean?The microbiology of the deep
ocean floor is at the center of interest in margsearch. Estimates suggest that highly specialized
bacteria living in the sediments down to severaidiad meters below the seafloor make up at least
10% of the global biomass. The unique environmesdaditions lead to the development of highly
specialized communities of organisms. Owing togteat diversity and unique physiological
development, micro-organisms and symbionts in tepdsediment layers are suspected to hold
important biotechnical potential, for example, floe processing of pollutant-containing waste
material or as raw material for pharmacologicaldoiais. It is therefore an important area of redearc
to determine their life strategies, how large activa these ecosystems are, how they vary with
different sediment types and tectonic structured,the biochemical reactions that are taking place.

The 1800 km long Gakkel Ridge is the segment ofjtbbal mid-ocean ridge system with the slowest
spreading rate. Despite low heat flow, which wopdedict little or no hydrothermal activity along

such ultraslow-spreading ridge systems, data delfieduring a joint expedition with the US Coast
Guard icebreakdrlealyand the German RFolarsternindicate hydrothermal activity (Edmonds et
al., 2003). Owing to the isolation of the Gakketl§ from other ridges (there is only the Fram Strai
serving as deep-water connection to the north Adacean) faunal exchange between hydrothermal
vent communities might be limited, suggesting thatcommunities along the Gakkel Ridge may be
unique.

4.3.2. Geology and Geophysics

Based primarily on observation of the circum-arcbatinents, the deep polar ocean has evolved over
the last 150 million years. It was probably a ctbbasin through most of the first 100 million yeafs

its history except for one or two shallow seawdys opening of a deep-water connection to lower
latitude water masses is a relatively recent ewidaeloped within the last 10 to 20 million years.
Tectonic activity created the basin and has matlifeinternal structure over time, changing
circulation within the ocean and exchange withWarld Ocean.

Tectonic motions between crustal blocks have célattahe physiography of the polar basin,
constrained paleo-oceanographic circulation arldentced paleo-climate, leaving a record in the
sediments draping the bathymetric features. WitleX@rilling on Lomonosov Ridge completed
(Shipboard Scientific Party, 2005), there is nowohgrervational record spanning much of the history
of the Eurasian Basin. Far less is known aboubltiest polar sub-basin, the Amerasian Basin, partly
due to lack of recognized plate boundaries. Thesadaries must exist to explain the basin history.
Identification of these structures will make it pifide to reconstruct the development of the basid,
will substantially improve how the history of thereounding continents is understood.
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To establish a tectonic model for the high Ardtiathymetry, potential field data, seismic reflegtio
data, and cores are needed. Several geophysicaditirps were successfully conducted over the last
decades. The resulting data provide a first indigfiot sediment distribution and the tectonic eviolut

of the basins and ridges. Continued acquisitiothe$e data is necessary to address the scientific
problems outlined below.

Mapping the deep basin, collecting multi-channedree reflection data, and sampling the
sedimentary record by drilling are the primary nemreveal its history. Despite improved
icebreaker support, multi-channel seismic invesitga are sparse in the central Arctic Ocean. The
present inventory includes approximately 15,700dtrseismic reflection data acquired from drifting
ice stations and roughly 6700 km from modern iceakers (Kristoffersen and Mikkelsen, 2004). The
dense pack ice prevents easy towing of seismic(géguns and streamer). Standard seismic
operations in the central Arctic use short streani@p0 to 600 m active length) and small airgun
arrays to retrieve structural information for tleglisnents. In addition, sonobuoys are regularly
deployed to retrieve seismic velocity informatiordiepth-convert the data. Improving towing
methods for multi-channel seismic gear in the pgeaekwill improve the data, which will enable
follow-on scientific drilling legs.

While over 1000 sediment cores have been raised fihe deep basin, only a few are longer than 10
m (Kristoffersen and Mikkelsen, 2004). Collectingyes that span the history of the Amerasian Basin
and reveal the post-Mesozoic climatic evolution véuire dedicated scientific drilling legs to the
Arctic Ocean.

Amerasian Basin

The geological history of the Amerasian Basin isrbounderstood, in part due to the lack of
identified plate boundaries. These boundaries mxist to explain the basin history. Identificatioin
these structures will make it possible to recomstiive development of the basin, which will
substantially improve how the history of the surdimg continents is understood. There are four
particular problems to be resolved.

How did the Canada Basin opeAgcording to Carey’s (1958) model, which is thestnwidely
accepted today, largely due to the absence of atay the Canada Basin opened like a pair of
scissors. This was accomplished by a counterclaakwatation of the North Alaskan-Chukchi
Microplate (Arctic Alaska Plate) by 66 degrees agslited in a collision with the Siberian/Omolon
margin. However, the time and geometry of the apgare not properly constrained. Although many
researchers believe it happened between 130 anchillRih years ago, geological data from the
Siberian margin tend to suggest a different agehiisrevent. Moreover, a uniform rotation of the
North Alaskan-Chukchi Microplate by 60 or 66 degreauses significant overlap in Eurasia that
cannot be explained by later rift-related extensibthe East Siberian continental margin.

What was the pre-drift setting of the Chukchi Boeted? If the Amerasian Basin is restored to its
pre-opening configuration, the Chukchi Borderlanelvents complete closure of the Canada Basin
between the hypothesized conjugate Alaska and @Ganathrgins. Geological and geophysical data
suggest it was initially part of the North Alask&w&chi Microplate. One of its most preferable pre-
drift positions could be found close to what is nibv northeastern margin of the East Siberian Sea.

How did the major ridges in the Amerasian Basimf@What is known today about the Alpha-
Mendeleev ridge system may be explained as a lootigek (Lawver and Miiller, 1994). The time
and geodynamic framework of this process remaisivtu Some observations are inconsistent with
this hypothesis. Exposed on the East Siberian mangiar the southern termination of the Mendeleev
Ridge, is a huge area of Mid-Cretaceous flood &dalvestigation of this volcanic area and the
conjugate volcanics on Ellesmere Island near théhson termination of the Alpha Ridge will shed
more light on initial stages of the ridge formati@limpses into the Late Cretaceous paleo-
environment are provided by short cores contaiblagk marine shales suggesting oxygen-deficient
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or oxygen-free conditions along flanks of a chdiistands and also younger laminated siliceous
oozes that may relate to an upwelling system.

Where are the Early Tertiary plate boundaries ia #hrctic?Intense Late Cretaceous-Cenozoic
extension of the Laptev continental margin wasteel@o the opening of the Eurasian Basin. Total
opening in the eastern Eurasian Basin adjacelethdaptev Sea accounts for about 450 km whereas
rift-related extension of the Laptev Rift Systertate 200 km. This suggests that more than 200 km of
the “missing” relative motion between the North Aioan and Eurasian plates have to be attributed to
an extensional system elsewhere in the Arctic. it structures previously found in the East
Siberian and Chukchi Seas as well as at the Chiafierland have to be examined in terms of their
contribution to compensate for the total openinthefEurasian Basin.

Eurasian Basin

Propagation of the Gakkel Ridge northward credted5urasian Basin. Spreading rates range from
0.5 to 1.25 cml/yr full rate, slower than any ottidge. Two important consequences of ultra-slow
seafloor spreading are the great depth of the @dge at more than 5000 m, which is, on average,
twice as deep as most other ridges, and the stedief) and blocky seafloor morphology on the ridge
flanks. The tectonic history of the Eurasian Basinot controversial, but the ultra-slow seafloor
spreading processes that created it raise a wide raf questions about seafloor spreading and
continental extension.

What is the relationship between segmentationefxakkel Ridge and ultra-slow spreading
processesBegmentation was observed during the AMORE ciini2®01 (Michael et al., 2003). This
segmentation was expressed as a change from voloast to altered peridotites and gabbros on the
seafloor. The abrupt transition from volcanic criashon-volcanic crust, predicted by Coakley and
Cochran (1998), suggests that a threshold haséex@eded in the seafloor spreading process.

Why has the axial geometry of the Gakkel Ridgelmanged since riftingThe Gakkel Ridge has no
transform faults from Greenland to the Laptev SHEhe morphology of the ridge conforms to the
shape of the Lomonosov Ridge and the Barents Shajfjesting it is inherited from the original
rifting event. How this morphology has been presdrthrough approximately 60 million years of
seafloor spreading is a critical question for ustierding mid-ocean ridge tectonics and the evalutio
of transform faults.

What structures connect seafloor spreading on thkkél Ridge to continental extension on the
Laptev ShelfThe northern Laptev Sea represents one of fiveeptlgsknown sites of a spreading
ridge/continental edge intersection. These areat o drift transition attract increasing attemt as
unique natural laboratories to study breakup ofcth@inents and the influence of rheology on
structures. Moreover this is a unigue case whesltheest spreading is happening under a thick pile
of the sediments derived from adjacent land.

4.3.3.0ceanography

In the Arctic Ocean, a relatively thin layer ofdhesurface water and its associated cold halocline,
whose origins lie partly on the shelf, insulate itteefrom an underlying warm and saline water mass
of Atlantic origin — the only significant source lo¢at within the Arctic. During the 1990s, the
distribution of this fresh insulating layer was ebgd to change, while at the same time, the
temperature and extent of the warm Atlantic-derilg@r were observed to increase, probably due to
a warming and strengthening of the Atlantic watdlioiv from the Nordic Seas. The boundary
between the Atlantic and Pacific water types washpd east into the Canada Basin to an extent not
previously observed. Both these changes potentialye crucial consequences for arctic sea-ice
cover.
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How is the Arctic Ocean affected by large-scalmalie variability and change®@ceanic heat
imported from the North Atlantic has the potent@bffect ice cover in the Eurasian Arctic, whihet
Arctic Ocean itself plays a major role in collegtiand delivering freshwater to the North Atlantic.
The 10% of the global river runoff that is delivéit® the Arctic Ocean is exported into the North
Atlantic where it may impact upon the global oceahiermohaline circulation. A better understanding
is needed of the large-scale circulation in thetiBr©cean, changing sea ice conditions, two-way
exchanges with the North Atlantic, and the balasfdecal and remote forcing which causes this
system to change (e.qg., the recently discoveredemions between the North Atlantic wind stress
curl and volume transport in the Norwegian Atlar@urrent, or the hypothesized link between
successive warming events in the Norwegian Sea) Btaait and the Nansen Basin). Since these
connections offer the possibility of predictioneytare important to the integration of observations
and modeling.

The sources of the freshwater for the Arctic Ocedme discharge of the circum-arctic rivers and the
relatively fresh Pacific surface water which entérsugh Bering Strait — are both subject to change
as are their circulation and residence times withaArctic Ocean. For example, the more anti-
cyclonic Arctic Ocean circulation during the lowdiex phase of the North Atlantic Oscillation (NAO)
is thought to lead to an accumulation of freshwatehe intensified Beaufort Gyre before being
released to the North Atlantic Ocean, with the gilgosense of change during the NAO-positive
phases. In the cyclonic/NAO-positive phase of 1880k the upper ocean was more saline in the
Amundsen and Makarov basins but both warmer anstantially less saline in the Canada Basin than
in previous years. High-density waters form oniarshelves through brine rejection during freezing
and drain down-slope where they encounter the mirarctic boundary current. Together with the
water that they entrain from this current, theytdbuate about 30% to the dense water that overflows
from the Nordic Seas to “drive” the abyssal limkthod Atlantic Meridional Overturning Circulation.
The shelves also form the conduit for particulasdter, nutrients, dissolved inorganic and organic
carbon, dissolved metals, and a range of othermoainants. Large methane pools within the
sediments of the circum-arctic shelf are a poteéntgor contributor to atmospheric greenhouse gases
Changing the ice cover, and heat and freshwatesigegaand circulation on the shelves will alter the
amount, density, and contaminant loading of thkismshelf water in an as yet unpredictable way.

In order to understand the variability of the ocemoulation and how it relates to the Arctic
Oscillation, it will be necessary:

to document and understand the variation of theaxges with the North Atlantic and Pacific by
observing fluxes through the major gateways;

to document and understand the pathways and residienes of the freshwater in the Arctic
Ocean;

to study the mechanisms of the redistribution &famic heat within the central Arctic Ocean;

to study the modification of shelf water, its corsien to dense water, and subsequent convection
and communication with the central Arctic via tlmtnental slopes;

to assess the heat flux from the Atlantic layethim central Arctic to the ice and atmosphere; and
to identify the “switchgears” that determine to whlagree arctic freshwater will be released to the
Atlantic “conveyor” or retained in the Arctic Ocean

To accomplish this it will be necessary to endlitas towards summer observations by implementing
observational systems capable of year-round operafihe observations must be integrated by
combining them with output from dedicated regiomad global scale numerical modeling.

Modeling integrates data by imposing the coher@figiysics on a set of diverse observations. To
use models well, it will be necessary to study anderstand sub-grid scale processes, especially
turbulence, and develop effective techniques tarpaterize these processes.
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How are tidal and wind energy converted into tudnde in the ocean interiof#ixing in the deep
basins of the Arctic appears to be necessary @véhtilation of the deepest water masses. The
traditional view of turbulence in the ocean inteia mid-latitudes is that propagating internal esv
are generated at the ocean boundary. The energyesoare tides at the ocean bottom, and winds at
the surface. Outside of surface and bottom boundsgyrs, the energy to support turbulent mixing
comes from radiating internal waves. Since thetiagoeriod in most of the Arctic Ocean is shorter
than the tidal period one special characteristithefArctic is that forcing at tidal frequenciesnat
linearly excite propagating waves throughout mufcthe Arctic Ocean. Therefore, a significant
energy input into internal oscillations that woudd Jower latitudes, radiate and fill the oceariir
with wave energy is instead trapped near the labenandaries or in halos of turbulence above rough
topography. This means that in the deep basinseoftctic Ocean, away from the topography, there
is little energy available for mixing. Observatidndeed substantiate this. Near lateral boundéries
seems that tidal energy input goes either intodoggzhically trapped waves or boundary layer
turbulence.

Are there other important mixing procességither mechanism for mixing is entrainment as dens
overflows cascade from the shelf. Cascading igpsodic phenomenon, whereas the tides are always
present, and it is not clear what the relative iibuations are of the various mechanisms for mixang

the ocean boundaries. In the interior step-likdie@lr structures with almost homogenous layers
separated by strong gradients and horizontallyledeing water masses forming layers with
inversions in salinity and temperature are presgm.formation of these structures has not yet been
adequately described but they both may, becauteafnstable distribution of one of the components
and the different diffusivities of heat and sadiease potential energy of the stratification and
contribute significantly to the vertical and horial redistribution of heat and salt in the interio

Arctic Ocean.

How can vertical mixing be parameterized for ocaadeling?Arctic Ocean models are sensitive to
the parameterization of vertical mixing, yet howpsrameterize boundary layer and interior turbulent
mixing in manner that is particular to the Arcticriot clear. Process studies of these phenomena are
called for. These studies should take the formoofdinated field programs combined with numerical
and theoretical investigations. A tremendous amofiptogress has been made in the last decade in
refining parameterizations of interior mixing iretlow-latitude ocean. If efforts are focused ontirc
Ocean specific mixing processes, similar prognespiantifying, and importantly, parameterization of
ocean mixing can be expected. Regional ocean mbdeksjust begun to achieve resolutions capable
of carrying internal wave spectra that are suitalsleputs into such parameterizations.

4.3.4. Paleo-oceanography

Paleo-oceanography and paleo-climate studies daspirstanding of the present by revealing how
the earth was once different and how it came tadi¢ is today. In view of the profound changes tha
are underway in the Arctic Ocean system such astttiekage of ice cover, the increase in freshwater
inputs, the warming of water masses, and assoatfii@ages in circulation and heat balance — it is
necessary to evaluate the past changes in thersgsig the unique feedback mechanisms that operate
within the region on a variety of timescales. Thiesis require the use of scientific drilling
supplemented by enhanced coring techniques antfidation of optimal coring sites. For example,

the recovery of pre-Quaternary sediments requiadsrentary records significantly longer than those
typically collected in the Arctic Ocean, and thelétene study needs identification of sites withhhig
sedimentation rates to achieve sub-millennial agelution.

One goal is to examine records of extensive icercas well as ice free and warmer than present day
conditions to address how these environmental mdasdfeedback on global climate/ocean dynamics.
Short-term climatic events such as the Little lge/Aand the Medieval Warm Period should be related
to longer-term arctic variability expressed in ggdinterglacial cycles and events like the Paleece
Eocene Thermal Maximum (PETM) and the Eocene/Oégedransition. What role did the Arctic

play in driving these events in terms of precipitaf river discharge, and freshwater export? What a
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the possible feedback mechanisms specific to tisicdhat help to regulate things like temperature,
heat and moisture transport, and carbon cycling?

During the Arctic Coring Expedition (ACEX) a unigsedimentary record was recovered. These
sediments preserve a record from the “Eocene Goemehclimate” when the earth was at its warmest,
before a long interval of gradual cooling, whicH te the Pleistocene Ice Ages and then to today’s
climate. For much of the Cenozoic, the sedimerdsvered during ACEX are the first ever seen from
this crucial period. The time series extracted ftbese sediments will complement records collected
at lower latitude through scientific drilling ingdloceans and ice coring of glaciers. Further séient
drilling in the Arctic Ocean would make it possilitestudy the history of water fluxes into the bbasi
latitudinal gradients, and sediment fluxes fromlfsteethe deep basin.

A necessary condition for successful paleo-oceapigc studies is the development of a reliable
chronostratigraphic framework for Arctic Ocean seeints. Currently there exist conflicting views on
this chronostratigraphy, which significantly restsi our ability to generate meaningful paleo-
oceanographic interpretations as well as correlaiod integration of results with regions outstoke t
Arctic Ocean.

A variety of paleo-climatic proxies applied to mrgisediment cores to produce high-resolution paleo-
environmental records is needed. Any number of lgeimical and paleo-oceanographic techniques
could be applied. For example, changes in temperatuld be addressed throudfO and
magnesium:calcium (Mg:Ca) ratios in foraminiferal &K37 biomarkers, while changes in nutrients
could be addressed though foraminiferal cadmiuroigal (Cd:Ca) and barium:calcium (Ba:Ca)

ratios.

There are several specific questions related tpahen-climatic/paleo-oceanographic history of the
Arctic Ocean that are important.

What is the significance of extrinsic cycles indieep Arctic Ocean®lilankovitch cycles are
dominated by obliquity prior to 900 ka. Eccentyaitominated 900 ka to present. How does this
manifest in the higher latitudes? In order to $eegiobal impact, environmental variability in the
Arctic should be examined in relation to climatatss at lower latitudes. This could be addressed
through high-resolution time series and spectralyais. It is also important to identify patterrfs o
climatic change on time scales ranging from antwatillennial and to compare these with observed
oscillations such as the Arctic Oscillation, Nofttiantic Oscillation, and Bond Cycles. Fundamental
to understanding cyclicity and driving mechanismsthese climatic events is the availability of
accurate stratigraphy and geochronology, calibrai#iu various modern climatic variables.

Where do methane hydrates exist in the Arctic awd Wwere they different during warm periods such
as the PETMMow/when were they formed? How much is there ntsrtiere evidence for methane
hydrate flux in the Arctic contributing to globdimate change in the past? If the Arctic contintges
warm, how will the destabilization of clathratestiibute to the climate system? Seismic mapping
and foraminiferal **C and Ba:Ca ratios may be used.

What is the history of deep draft ice in the celnfnatic? Dramatic changes occurred in arctic
oceanography during glacial-interglacial cyclesveir by sea-level variations and the formation of
huge ice sheets at the ocean periphery and iceesheler the deep basin itself. Investigation of
paleo-oceanographic changes for the Quaternargagshiould be coupled with reconstruction of
Pleistocene ice sheets on the arctic margins agpldeaft ice in the interior of the Arctic Ocean.
Available data indicate that armadas of closed-egarbergs and/or cohesive ice shelves with drafts
of five hundred meters (Polyak et al., 2001) or enextended into the Arctic Ocean several times
during the Pleistocene and from several sideseob#sin. Understanding of the extent and pathways
of these ice masses and their interaction witlsieeets at the margins is critical for evaluatirgy th
glacial mode of the arctic circulation and is muneeded for paleo-climatic models. This investigatio
requires collection of multi-beam bathymetry andfidiescan records coupled with penetration sonar
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profiling from the plateaus and ridges in the Az&@icean, ground-truthing of these geophysical data
with sediment cores, and eventually modeling tisérithution of ice masses and their impact on the
circulation system.

In the context of dramatic changes in the arcteaoography and ice cover during the Quaternary, it
is also important to understand how the presenebsence of ice affected the arctic biota. Getting
insight into this question may help to assessuh&¢ changes in the arctic ecosystem that are
imminent in view of the modern climatic change.

4.3.5. Sea lce

Under the present climatic conditions, perennialise covers the deep basin of the Arctic Ocear. Th
extent of the arctic sea-ice cover has been danreaser the past three decades (Cavalieri et al.,
2003). During the peak of the summer melting seas@002 it reached a record-minimum for the
period of satellite observations, and near recardmum conditions have returned in the subsequent
summers (Stroeve et al., 2005). In terms of spadiglbility anomalously low sea-ice concentration
has occurred repeatedly in specific areas sudheaNadrdic Seas, and parts of the Chukchi Sea and th
Canada Basin. Studies have suggested the thinhihg arctic sea-ice cover in recent decades,
although it is difficult to quantify changes in siea thickness and their spatial extent (Rothracid.e
2003). The changes in both the extent and thickoiessa-ice raise the question of whether they are
part of natural variability or forced responsesasrctic manifestation of global climate change. |
addressing this question, several issues are plantig relevant to the overall theme of this ICARP
science plan.

Is this sea-ice retreat an isolated event in tretdrical contextA significant part of our
understanding of sea-ice conditions over the desmlof the Arctic Ocean comes from satellite
observations, which are only available back toli®é0s. For successful development of scientific
strategies it is important to recognize two chamastics of the present sea-ice changes. One is a
spatial pattern in sea-ice changes and the otlwavariability with other climatic changes. The
observed retreat of the summer ice is spatiallentrated in a certain section such as the Chukchi
Sea and the Canada Basin. This may indicate tlseipee of a critical region(s) for arctic climate
change. It is also known that changes in the aseiicice are co-varied with other climatic chariges
the northern high-latitudes (Serreze et al., 2000is relationship can be exploited for the
construction of multi-proxy paleo-climate recortisthis regard, an important question is whether
there is a critical region in the Arctic in whiclincate changes are more pronounced or more frequent
relative to other areas, in both historical andsene timeframes.

What are the mechanisms for the changes in seesitditions?The repeated appearance of the low
summer ice concentration in specific areas is sstggeof an ice-albedo feedback. To understand the
extent to which this mechanism is responsibletierdurrent sea-ice retreat, it is urgent to esthtan
observational plan for hydrography along with theface energy balance over a complete annual
cycle(s) for this seemingly critical region.

At inter-annual time scales, the summer sea-icengxif the Arctic Ocean is significantly correlated
with hemispheric-scale anomalous atmospheric @tmn. The temporal and spatial structure of the
northern hemisphere sea-ice variability is closelgted to climate changes and variations in thé mi
latitudes (Ukita et al., 2006). Inter-annually, thestic Oscillation is significantly correlated wiithe
variation in sea surface temperature in the tropicagreement with these observations, model asudi
suggest a forcing role of sea surface tempera@niation in the tropics in climate changes in the
northern high latitudes (Hoerling et al., 2001)eMariations and changes in the sea-ice conditbns
the deep Arctic Basin thus must be examined fr@iobal perspective. In this respect, a particularly
relevant question is how oceanic and atmosphefiigeinces from the lower latitudes impact on
climate changes in the high Arctic, which must fdrassed in the context of the global energy
balance and the water cycle.
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How does the annual cycle of sea-ice accretiondewhy vary across the Arctic OceaB®a ice
waxes and wanes with the changing seasons. Wigilevibrall pattern is clear, the variations in this
process, both regionally and inter-annually arewelt understood. Ice buoys, drifting ice camps] an
moorings support study of the evolving ice. The i snow accumulation and its affect on albedo
and energy balance is of particular importance.

What is the predictability of sea ic€&lobal models routinely assimilate atmospheriadatproduce
forecasts. Sea ice and snow cover informationrem@asingly available at synoptic time scales and
for large regions. The ability to assimilate thigaspheric data will help to improve understandifg
the way sea ice is represented in models, andhiysigs of sea ice and snow dynamics, and
thermodynamics. In addition, the ability to provaturate and timely sea-ice forecasts has the
potential for greatly improving the planning proseln particular, the ability to relate the global
oscillation (such as the Arctic Oscillation) to gea conditions may help to determine the optimum
season and year for accessing a specific location.

4.4. Scientific Approach

As discussed in the previous sections, many fundéahscientific problems can be addressed in the
deep Arctic Ocean. Some of these problems are an@the Arctic Ocean while others are framed by
studies conducted at lower latitudes. Solutiorhese problems will require new data collected acros
the individual basins and ridges that make up traiédOcean. The expense, difficulty, and rarity of
appropriate logistical support argues against oaimg in the single investigator, single hypothgsis
single platform mode that has been typical of mresiefforts. Advancing understanding of the deep
Arctic Ocean through this time of dramatic globaaoge will require multiple coordinated, multi-
disciplinary programs.

No single cruise can collect the comprehensive sksinecessary to resolve the coupled, regional
problems outlined in this ICARP Il science plan.o@tination of multiple programs is an appropriate
undertaking for the ICARP Il process and will, iElvconceived, enhance what can be done with the
resources at hand. This coordination can take &euof forms:
- coupling of oceanographic and geophysical resehrcugh cooperative utilization of logistical

resources (e.g., ships);

support for full-time underway data acquisitionalharctic research vessels;

development of coordinated expeditions utilizingltiple platforms (e.g., submarines,

icebreakers, aircraft);

expansion of international cooperation;

effective sequencing of successive expeditionaitiol toherent programs;

preparations for and development of more scientiifiding expeditions; and

improved sea ice forecasting and data assimilation.

Coordination of science programs across internatiand interdisciplinary boundaries is one way to
improve utilization of available resources. It idikely that these resources will be adequate to
address the pressing science needs in the deep Basie of the objectives detailed above will
require new instrumentation or the enhancemenxisfieg infrastructure. Owing to the lead-time for
engineering and development, these objectives reguimediate attention.

4.5. Linkages / Users

Linkages to other groups and programs include sbedécated arctic programs as well as others that
have or should have an arctic component.

ACIA (the Arctic Climate Impact Assessment; httwwiwv.acia.uaf.edu/). The ACIA documents
and process are the foundation for much of the IEARprocess. Climate change is a global issue
and studies indicated that the Arctic is a par#idylsensitive region to its effects. If the scienc
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issues are not fully engaged in the Arctic, thera fisk of being spectators and victims of climate
change.

DAMOCLES (Developing Arctic Modelling and Observid@apabilities for Longterm
Environmental Studies;http://www.damocles-eu.orghis program is dedicated to developing a
wide range of autonomous observational capabiliiesipport analysis and modeling of Arctic
Ocean oceanography and circulation.

ICARP Il Science Plan 5 and ICARP Il Science Plamdgether with ICARP 1l Science Plans 5
and 6, this ICARP Il science plan covers the futkat of the Arctic Ocean. The distinction
between these groups relies on important physidgedgundaries that are of limited significance
for the oceanographic and geophysical study ofeég@n. Coordination of the work arising from
the three science plans is crucial to create areohelan for Arctic Ocean research within the
ICARP Il process.

SEARCH (A Study of Environmental Arctic Change pitipsc.apl.washington.edu/search/).
Dedicated to the development of onshore obserestcBEARCH has a blind spot in the central
Arctic and, for the most part, ignores historidaldses. The complementary studies outlined in this
ICARRP Il science plan would substantially augmerd axtend the work proposed for SEARCH.

IPY (International Polar Year; http://www.ipy.orgfjoposals. An international proposal
(POLARGATES; http://www.ipy.org/development/eoi/dié$.php?id=20) has been designated as
one of the primary clusters under IPY. This muigetplinary proposal would look at how the
gateways between continents have opened and aosedime, affecting polar climate (south and
north), and ocean circulation. It is a fully bi-ppproposal grouped under the “global” theme by
ICSU (International Council for Science).

IAOOS (Integrated Arctic Ocean Observing Systend) isulti-disciplinary, international proposal
that seeks to develop an integrated system of whigeies around the Arctic Ocean. It is assigned
to the theme “Vantage Point — Observing SystemdUsuU.

The United Nations Convention on Law of the Sedi¢fa 76). The circum-arctic nations are
obliged to conduct extensive surveys to documezitnd to expanded Exclusive Economic Zones
under the new Law of the Sea Treaty. These sumwélybe a resource for marine geological and
oceanographic studies by expanding the availalibe @ for the deep Arctic Ocean (see section
4.7).

IODP (Integrated Ocean Drilling Project; http://wvimdp.org/). The success of scientific drilling
on the Lomonosov Ridge during summer 2005 has aprgedoor for future scientific drilling in
the high Arctic. A group has already submitted eproposal for a drilling leg to the Alpha

Ridge. Another group has formed to consider dgliom the Chukchi Plateau. A third group held a
workshop in Fairbanks, Alaska in June 2005 to aersilrilling in the Bering Sea.

ARRYV (Alaska Region Research Vessel; http://wwwssiaf.edu/arrv/). Final plans have been
completed for this vessel, which will replace theivérsity of Alaska’sAlpha Helix the oldest
ship in the US academic fleet. The new ship wilbldeght icebreaker, capable of working
anywhere in the Bering Sea year round and in thiphperal Arctic Ocean for five to six months a
year. It will be equipped with a suite of bottomppang sonars and will be able to support
standard oceanographic and fisheries studies assvebme scientific drilling. It is likely to be
funded in the next US Federal budget.

Aurora Borealis There is broad support in Europe (and some sujppthie US) to build a new
icebreaking drill ship that could work in the cehtArctic. Some design work has been done for
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the Aurora Borealis which is well-ranked for funding among large Bpgan Union science
projects.

OOl (Ocean Observatories Initiative; http://wwwamprogram.org/). The OOl is a large initiative
at the US National Science Foundation, similarciope and funding to the Ocean Dirilling
Program, that aims to develop a set of cabled®aaflbservatories in US coastal and adjacent
ocean waters. While the planning phase did noti@iglinclude an arctic component, groups are
organizing to take advantage of OOl to supportidroicean research (Coakley et al., 2005).

AOOS (Alaska Ocean Observing System; http://wwwsaarg/). A group in Alaska has formed to
coordinate ocean observations around the state.pfbgram includes the Barrow Cabled
Observatory (Coakley et al., 2005), which wouldcplaabled seafloor instrumentation on the
seafloor north of Barrow, Alaska.

IABP (International Arctic Buoy Program; http://jlapl.washington.edu/). The IABP has been
one of the most consistent, reliable sources afrimétion about the central Arctic Ocean for
many years. Expansion of this project would be @dggtart on future observatory efforts for the
central Arctic.

Galileo Project (http://polarfoundation.org/indexg®s=3&rs=home&uid=75&Ig=en). There is an
effort underway to repeat the drift of tReam; the first arctic science cruise. This projectidou
offer excellent opportunities for study of the Esiem Basin and the ice pack.

4.6. Outcomes / Achievements

Over the last fifty years, much of the progress enadcontinental geology has built on the succéss o
plate tectonics. Mapping of the arctic seaflool egtablish the location, extent, and ultimately th
history of the major ridges and basins that makéigpcomposite basin. Understanding these features
is critical to understanding the continents thag ihe Arctic Ocean.

Establishing the linked oceanographic/climatictedt history of the basin would eliminate much of
the uncertainty that limits how global climate cbarcan be interpreted, permitting better
understanding not merely of linkages to eventsmndesses at lower latitudes, but also to better
study of the leads and lags in these systems. bligiiyi this would lead to better understanding and
predictions about the consequences of climate aasgpecially with respect to the arctic circulatio
and ice cover.

4.7. Implementation

The next round of study of the deep Arctic showddib with examination of the critical featuresliet
basin. These initial studies can collect sufficieratrine geophysical data to support planning for
scientific drilling, outline the important oceanaghic processes and collect baseline data sets for
future cruises to build upon. Given the diversestjoas to be answered, the wide range of spatdl an
time scales of interest and the urgency of thetguresoutlined in this ICARP Il science plan, itliwi

be necessary to utilize all available resourcasitterstand the central Arctic Ocean:

Satellite observation®©nly satellites deliver synoptic data of the aoef of the Arctic Ocean.
Limited resolution and uncertain calibration requiigh resolution data to support good use of the
excellent spatial coverage and repeat observatiandgded by satellites.

Expeditionary observationgcebreakers, ice camps, autonomous underwat@&leshsubmarines,
and aircraft, can study extensive areas and pralédsely sampled data along tracks,
supplementing remotely sensed images with growrt.tbifferent platforms have distinctive
capabilities, opening possibilities and requirintglligent planning for appropriate use of

available resources. Only ships can directly sarttigeseafloor and the sediments beneath it.
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Autonomous instrumental monitorinkge buoys, drifters, and seafloor observatorégsgive a
comprehensive view of the basin at times when dmelrevexpeditionary access is limited or
precluded. Lagrangian drifters and buoys shoulsheepensive enough to be widely dispersed,
giving regional coverage. Cabled seafloor obseriggshould be considered for certain critical
areas where inter-annual and seasonal variabiityarticularly important.

Computer modeling and data analys$igegration of data collected with varying reswo and
over different intervals of time will require cormtpu models that constrain the possible with the
necessary physics of the ocean and atmosphere.

It is only in the last few years that we have haps(e.g., the International Bathymetry Chart ef th
Arctic Ocean, Jakobsson et al., 2000, see Figijeod sufficient resolution to confidently formuéat
and test specific hypotheses about the variousrestto understand how bathymetry and circulation
interact, and to plan cruises to study particutavimces. By building on this regional understagdin
through a sequence of cruises, each dedicatee fortilems defined by its predecessor, it should be
possible to progressively focus on the criticaioag necessary to answer the most important
guestions. A sequenced deployment of ships tovessrticular problems of progressively greater
definition will make the best use of limited resoes.

In many ways, the ICARP Il process must rely onittigative of individual researchers, mobilized by
opportunities outlined in this ICARP Il scienceml#o create projects from the logistical resources
they can mobilize and the funding they can arra@ge of the primary uses of this document is to
identify limitations on science that will requirkapning (e.g., technological developments that are
needed) and support opportunities that may notitdelywknown or understood.

Article 76 Opportunities

Article 76 of the United Nations Convention on thav of the Sea allows certain coastal states with
wide continental margins to establish sovereigmgraon-living resources of the seabed beyond the
customary 200 nautical mile limit (Exclusive Ecoriordone or EEZ), when certain bathymetric and
geological criteria are satisfied. All five coastéhtes that border the Arctic Ocean are eligible t
extend their sovereignty in this fashion, into seecalled Outer Continental Shelf (OCS).

For a given coastal state, the decision to proeettdthe implementation of Article 76 depends
almost entirely upon the perceived nature and d#oenof the submerged component of its land
mass, defined as tmatural prolongation of its land territoryDetermination of the limits of a claim
depends on analysis and interpretation of the sbhjee seabed, the depth of water, and the thgkne
of the underlying sedimentary material.

In most cases, a review of the relevant morpholdgind geological data will first be undertaken to
identify the seabed features beyond 200 nautidaisntihat the coastal state proposes to includarwith
the new outer limit of its continental shelf. Thigtial assessment will seek to determine whether a
geological or morphological continuity exists beénehe terrestrial framework and distant seabed
features. The US has completed a significant irargrf existing information (Mayer et al., 2002),
and is now mobilizing surveys within the Arctic reg in order to augment existing databases.

This preliminary work is normally performed through analysis of existing databases. In many if not
most cases, it is likely to prove necessary to aohfieldwork in order to acquire new data sets tha
better define the morphological and/or geologieatdrs with a view to substantiating the coastal
state’s proposed OCS limit. In this context, defgnthe “natural prolongation” that serves as agasi
for determining the OCS limit may require considieraand clarification of a region’s tectonic
framework and history, which in the process cowddekpected to shed new light on the transition
zone between continent and deep Arctic Ocean.

Constructing the OCS limit also creates a needétter descriptions of the seabed and subsoil in
areas that have been poorly mapped, leading toétidlization of surveys that could transcend
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Article 76 by shedding new light on the compositidistribution, and transport of seabed material —
information that is essential for understandingsemoal and depositional processes, and which can be
of immense benefit for a broad range of scientfid environmental applications.

There is no more primary objective for a natiomtlkatablishing the limits of its territory. In somk

the circum-arctic nations, Article 76 work has beatensive. In others, it lies mostly in the future

the future work there is a logistical opportunitat could support science beyond the geophysics and
seafloor mapping necessary to establish the liofigsclaim.

The Need for Further Scientific Drilling

The sediments beneath the seafloor of the deep ba#ie Arctic Ocean and the seafloor itself
preserve the history of the Arctic Ocean. Scientifilling is a necessary complement to
contemporary time series as advocated by SEARCH.

Sediment accumulation in the deep polar basintiséaiely linked to environmental factors such as
erosion on the surrounding continents, oceanogeapidulation, and water mass productivity.
Scientific drilling is needed to access this foratite archive of paleo-environmental history beyond
the short geological time spans captured by cowesitsediment cores. In 2004, the first scientific
drilling expedition into the central Arctic Oceaardonstrated that such cores could be recovered
despite moving fields of sea ice. More than 400fseation were recovered from the top of
Lomonosov Ridge (Figure 4.2). This record of theapenvironment spans the last 55 million years
but marine sequences representing upper the E¢aémeer Miocene have not been recovered to
date (Shipboard Scientific Party, 2005).

More drilling will be required to complete Cenozaitatigraphic representation, to expand the
coverage in time back to the initial birth of theeg@ polar basin about 155 million years ago, and to
sample spatial differences imposed by evolving@aleography and latitudinal gradients. For
instance, the implications of occurrences of glen@s are that even in a so-called “greenhouse”
period, the arctic Cretaceous climate was not umifpwarm and equable, but experienced
considerable variation where seawater temperatuees, at times, close to freezing.

Retrieving continuous records of the Cenozoic amsdzoic stratigraphy of the Arctic will require
sediment cores of several hundred meters length eXact drilling locations are identified with
geophysical surveys. This standard procedure fwiany deep scientific drilling worldwide is criéic

not only to locate sample sites, but also to prewttatigraphic and tectonic context to any diglin

New surveys will also enable the development of tiexeries about the history of the deep basins.
Existing regional lines establish, with other geggibal information, a first order evolutionary mbde

for the high Arctic. Before deep-drilling campaigren be conducted such regional surveys have to be
extended to show how typical the drilled structiarethe region is, and especially to judge the sasc

of drilling from experience of low latitude areas.

Two types of drilling targets can be identifiedndensed sections on basinal highs and expanded
sections in basin lows and close to continentdivsise

Condensed sections on basinal highs.the Lomonosov Ridge, Chukchi Plateau, and Alpha
Mendeleev Ridges, the basinal highs are isolatad foth turbidite sediments, which flood across the
deep basin from the continental slopes, and frospesaded sediments, due to their distance from
major rivers discharging into the Arctic. Low sedimtation rates mean that long time records can be
extracted from relatively short cores, which redutime on site and may make it possible to drithin
older sediments.

Expanded sections in basin lows and close to cent#h shelvesHigher sedimentation rates, found
near the continental shelves, may be useful faebstratigraphic time resolution.
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Figure 4.2.Track and location of the ACEX drilling on LomomasRidge (Shipboard Science Party,
2005).

In addition to the global issues that will be addesl through scientific drilling, the Amerasian and
Eurasian sub-basins of the central Arctic Oceaerdafistinctly different opportunities for study. An
integrated geophysical program could advance tiaystf particular features while developing the
data base necessary to support scientific drilling.

Technology and Infrastructure

Study of the deep Arctic Ocean, across disciplines|d be linked through a common vision for the
future of arctic oceanography, where scientists valable to access real-time data from a basilesca
network of year-round observing systems, and exipedito study specific regions will be equipped
with state-of-the-art underwater robotic systemwel as arctic-specific shipboard and towed
instruments. Implementation of this vision will téige substantial development effort.
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To study the Arctic Ocean effectively, it will beeessary to adapt existing oceanographic and
geophysical tools and techniques to the high Amticironment. The arctic environment imposes
unusual restrictions on instruments and operatidnfortunately, instruments deployed in the Arctic
have often been designed for use at lower latitadesadapted for arctic use. To comprehensively
study the Arctic Basin, both spatially and templgrat is necessary to develop instruments

specifically designed for (a) deployment from arecésearch platforms and (b) long-term operation in
the harsh environment (Pyle et al., 1997). To gaintinuous access to the heterogeneous Arctic
Ocean, development of real-time observational déipab will be necessary. The cabled, seafloor
instruments will augment occasional and seasornalasitess to the seabed, water column and sea ice.

Sea ice is both a hazard for cables and instrunagntgn object of study. Adapting oceanographic
and geophysical instrumentation for the centratidr©cean and installing it on the seafloor is &yg
a matter of developing techniques to cope withidhgack. This activity is critical to ending thia®
toward summer observations in the central Arctic.

Satellite systems provide information on sea idektiess, concentration, and velocity, and snow
cover. Reliable access to continuous satelliterglbsiens is critical for continued monitoring of
changes in the Arctic. The difficulties in accessite Arctic make satellite observations the only
feasible means to monitor the region on a syndjais.

Technological Needs

With increasing instrumental and logistical demamalactical central Arctic Ocean research has
developed into a high-tech operation, often reqgiclose international cooperation. For future
missions, such as monitoring water mass modifioadiod circulation, or seafloor observations,
existing systems must be further developed. A nixagrangian samplers (Proshutinsky et al., 2004)
and fixed seafloor monitoring stations operatinganjunction with Remotely Operated Vehicles
(ROV) and Autonomous Underwater Vehicles (AUV) wabbk able to study the water column and
seafloor in complementary ways that would maxinaiaga coverage.

Cabled observatories will allow for the first tirmearctic research dense real-time observation and
control of the sensors via the Internet and s&slliSuch long-term data are urgently needed to
evaluate the actual status of the arctic ecosyatairio develop prognostic models about its future
development. Guaranteed regular access to keyidasathould help to initiate interdisciplinary
measurement programs. Deep basins, gatewaysdtesrand locations at the continental margin
should be considered for this arctic network.

Data acquisition from mobile platforms (both driffiand programmed) will complement the
temporally very dense, but spatially restrictedadsets acquired at cabled seafloor observatdakies.
mix of instruments will be necessary to study thetid Ocean at the important spatial and time
scales:

bottom-moored instruments in key areas such asvggte boundary currents, and identified slope
convection sites;

low cost, but numerous Ice Tethered Platforms (JEesiipped with vertical CTD (conductivity-
temperature-depth) and velocity profilers;

sea-gliders measuring profiles of temperature alidity for dedicated missions along transects
(communicating with ITPs and moorings through atiousansponders);

neutrally buoyant floats drifting at constant de@dmmunicating with ITPs and moorings
through acoustic transponders);

underwater acoustic technology for navigating AUlsats, and gliders under sea ice; and
short-range navigation and data transfer usingstmomodems on instruments fixed on moorings
or Lagrangian floats for satellite data transmissio
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Utilizing cabled seafloor observatories where psses are expected to vary rapidly over time (e.g.,
shelves and gateways) and supplementing these reessuts with short-range acoustic tomography
and mobile measurements is a sound strategy.

Icebreaker Support

Installation and maintenance of cabled seaflooentagories will require ship time well in excess of
what is presently available. Developing the nextegation of arctic research vessels (e.g., see ARRV
andAurora Borealisbelow), capable of supporting cabled observatpsieafloor drilling (either

directly or indirectly), and towing instrumentatioiill be necessary to fully study the deep Arctic
Ocean.

For many applications, towed instruments providehighest resolution data. There are no other
means to collect multi-channel seismic (MCS) raiftecdata. Towing equipment through the ice pack
requires a clear wake and well-designed, duralsteiments that can withstand ice impact and pinch.
For MCS systems, this has been achieved with oiletbwing rigs and by relying on unusually large
quantities of spares; expecting the equipment tcobsumed during the course of a cruise. A deep-
towed system, with tuned gun arrays, could ridesutide ice, collecting high quality MCS data. This
would make it simpler and more likely that expeatis could and would collect this necessary data.
Adaptation of MCS techniques for submarine deplaytmeould be a substantial step forward.
Developing this technique for MCS data acquisitimuld make it possible to tow other instruments
as well.

To operate such systems in the arctic pack icethxpeditions in the last 15 years have shown that
the most advisable setup uses two research iceyealne for ice breaking and one for undertaking
measurements. This is also expensive. While siggbgphysical ship experiments work well at the
edge of the arctic ice, such expeditions have l hgk of failure if they aim for specific geologic
targets (specific geographical coordinates). Retjisimgle ship surveys are less risky, since tlssefe
can move in areas with lighter ice conditions ar flow open leads. An additional parameter is the
engine power of the icebreaker; the stronger thlergaker, the more reliable its movement through
the pack ice. This is a critical issue for acceshé deep central basin.

Future ship design should emphasize a clear wakatey power, adaptation for towing, and
AUV/ROV deployment. For future work in the centfaictic Ocean a stronger ice breaker (>30000
hp) is needed to enable single ship operations iewvéifficult ice conditions. Specific modificatigrat
the stern of the ship should be made to allow ruliéinnel seismic or other towed gear to enter into
the water just 1 to 2 meters behind the ship. Dpmey and retaining trained crew, who are aware of
the specific problems associated with pack icetanihg seismic gear in pack ice is essential fgr an
success.

Unusual Research Platforms

During the last twenty years, military resourcegenaccasionally been made available for scientific
research in the Arctic Ocean. The Naval Researbloiadories aeromagnetic and aero-gravity data
sets, collected from a modified P-3 airplane setstlandard for extensive arctic mapping (Brozena et
al., 2003). The SCICEX (Scientific Ice Expeditiopspgram (Edwards and Coakley, 2003), which
consisted of six cruises to the central Arctic ablddS Navy nuclear powered submarines, supported
extensive oceanographic and geophysical studyeofi¢tep basin. While these programs have ended,
there remains some hope that in the future militaspurces will be made available for science.

Air independent submarines, both nuclear and tttzeerely on combustion, have the potential to
survey the ocean independent of ice conditions.riHae-synoptic, regional data sets collected during
SCICEX could not have been collected by any othesims. An international group should contact
navies with submarines (US, France, UK and possiiglsmany and Sweden) to develop a
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collaborative program. While success would notdnéain, the data that would result would be an
exceptional resource for tracking the changing upgaer column of the Arctic Ocean.

Hovercraft technology has over the last 30 yeangmssed from aircraft inspired gas turbine
propulsion to conventional air-cooled diesel enginghile earlier tests over arctic sea ice were
obsessed with speed, a more sensible approacleiisgbasize endurance and total distance. Based on
recorded ice surface information from low altitutights along a 250 km segment in the Eurasian
Basin, the estimated range of a medium-sized ceaafiying 2 tonnes of scientific pay load would be
over 300 km (Kristoffersen, pers. comm., workingugy member). Such a platform has a hover height
of 1.2 m and a cabin area of 56 for science and may include a moon pool. Use gétwafts in
conjunction with icebreaker expeditions would sfigaintly enhance opportunities for total scientific
return.

4.8. Funding

There are a variety of potential national fundingrses for the activities outlined in this ICARP I
science plan. In Europe, direct European Union ifumds well as logistical support from the various
European arctic science groups (Alfred Wegnertumstj Swedish Polar Research Secretariat, and
Russian Institutes) are possible. Various agengid®e United States, specifically the National
Science Foundation, the National Oceanic and Atimasp Administration, and National Aeronautics
and Space Administration have programs that migppsrt these activities as they have in the past.
There are also a number of programs underway thghitfund particular programs (e.g., SEARCH,
OOl, and IODP).
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