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Introduction

There is now little doubt that the earth is warming.  If we include 2002, all ten of the warmest years since records began in 1861 have occurred since 1990 (Jones and Moberg, 2003).  The IPCC has identified that this rate of change is most significant in the Arctic.  “Climate change in the Polar regions is expected to be among the greatest of any region on earth.  Twentieth century data show a warming trend of as much as 5oC over extensive land areas”.  The IPCC goes on to say, “The Arctic is extremely vulnerable to climate change and major physical, ecological and economic impacts are expected to appear rapidly”.  It is this backdrop to environmental change, driven by human activity, that is the focus of this presentation.  In order to set the context for Arctic warming the Arctic Ocean is examined within a global perspective including the role of the Arctic gateway, and in particular the Fram Strait, as a component of the thermohaline circulation.  This paper goes on to discuss carbon biogeochemistry and pelagic ecosystems concluding with examples of anthropogenic contaminants and possible future impacts of a warming Arctic.  The upcoming International Polar Year in 2007 to 08 will provide a great opportunity for the international community to co-ordinate a range of scientific activities at the poles and to provide a unique snap shot in time, focussing on environments and indigenous peoples subject to significant and rapid change.

This paper draws on work being conducted by the Scottish Association for Marine Science funded by the UK Natural Environment Research Council.  Since 2001, NERC has been funding a core strategic programme on natural and anthropogenic processes of marine environmental change in the Northern Seas.  Through this programme, SAMS has had the opportunity to conduct two major research cruises to the Arctic using the British Antarctic Survey vessel, the RRS James Clark Ross.  These cruises took place in 2002 and in the autumn of 2005.  Preliminary results are reported in this paper.  Additional observational campaigns include collaboration with the UK Ministry of Defence as part of a long term programme of measuring the thinning of Arctic sea ice using normal operational activities of the Navy’s submarine fleet (Principal Investigator, Professor Peter Wadhams and programmes funded by the European Commission under FP5 and 6).  

The Arctic Ocean is almost entirely surrounded by land in stark contrast to the Antarctic continent surrounded by water.  It is this unique difference between the two poles that gives rise to significant research opportunities of comparing and contrasting the dynamics and ecosystems at the opposite ends of the earth.  The Arctic deep ocean basin is surrounded by the continental shelves most marked on the European and Asian side of the Arctic basin.  Here, very large rivers drain the Russian and Siberian land mass discharging directly onto the continental shelf and into the deep basins.  The area of study conducted by SAMS has included this European sector, and in particular the gateway separating Greenland from Svalbard known as the Fram Strait, and the fjordic systems of west Svalbard and the adjacent continental margins forming the Yermak Plateau.

Arctic Warming from a Global Perspective

A number of model simulations for temperature change have depicted substantial Arctic warming (e.g. Delworth and Dixon, 2000).  This warming is concentrated at latitudes north of 70o and is strongly pronounced in the Eurasian Arctic area.  These models are supported by observations including the distribution of sea ice which has been reducing by some 3 to 5% per decade over the past 30 years (Laxon et al., 2003).  The IPCC 3rd Assessment has projected significant and continuing sea ice extent decrease for the next 100 years, again most pronounced in the Eurasian Arctic.  The Norwegian and Greenland seas are a significant part of the thermohaline circulation.  Heat is released to the atmosphere in the Greenland and Norwegian Sea as a result of substantial surface ocean cooling.  This cooling gives rise to deep water formation, initiating the major transport of deep water through the oceans and the return flow of surface warm salty water transporting heat to the North West Europe.  This thermohaline circulation is part of the major heat transport to the Arctic region, however it is recognised that the system may be quite sensitive to change and in particular to the influence of fresh water contribution (Curry et al., 2003; Rahmstorf and Ganopolski, 1999; Delworth and Dixon, 2000).  Already we have seen some reduction in outflow from the Northern seas resulting in a decrease in deep water flow through the Faroe Shetland Channel of some 20% of the past few decades (references Hansen et al., 2001,2002; Dixon et al., 2002; Hansen and Ousterhuis 2002/2004).  These observational data, although sparse, are supported by modelling activity.  A range of models have predicted a decrease in the Atlantic thermohaline circulation over the next 1000 years commencing at the start of the 21st century.  These models embrace a significant range of uncertainty but a recent paper by Harry Bryden at NOC, Southampton (Bryden et al., 2005) has indicated a 30% decrease in thermohaline circulation over the past 47 years.  The response of a slow down in ocean circulation may actually give rise to cooling in the north Atlantic region but with some potential warming effect in the Barents Sea region (Orvik and Skagseth, 2003).  It is this range of uncertainty that needs to be constrained by improved observation.  As mentioned in the introduction, the observations on a decrease in sea ice thickness are particularly important.  Peter Wadhams and his research group have been making observations on the decrease of sea ice for the past four decades.  Most recently studies on the flexing and thinning of sea ice have been conducted in the Beaufort Sea using novel instrumentation (tilt meters and strain gauges) developed at SAMS.  Recent studies have been undertaken north of Svalbard on the Yermak Plateau demonstrating the rate of winter sea ice thickness decrease over the past few years.  The ability to measure sea ice thickness in situ is a technology that SAMS has been working on through strong collaboration with NOAA.  SAMS is piloting the Iridium satellite system for environmental applications of real time telemetry and now has five operational systems in the high Arctic measuring tilt and strain of sea ice.

The geometry of the Arctic gateways and the fjordic systems of Svalbard allow us to look in detail at the northern limb of the thermohaline circulation.  By conducting oceanographic sections to the west of Svalbard it is possible to identify the inter-annual variability in the cold water West Spitsbergen current connecting the Barents Shelf to the deeper core water of the north Atlantic outflow.  It is variability in these currents that allow us to understand the quantity of heat transport through the Fram Strait to the Arctic.  The fjord systems to the west of Svalbard, and in particular the Kongsfjord, have been subject to long term observations for the past five years using a mooring array maintained by SAMS.  This mooring allows us to look in detail at the thermal structure of the fjord water, and in particular the intrusion of warmer Atlantic waters into the cold overwintering water, that is in the fjord (Cottier et al., 2005).  This has given rise to a number of interesting observations regarding the timing and frequency of the intrusion of these warmer water masses to the west Svalbard fjords (Cottier et al., 2005).  The geometry of the Fram Strait provides a major deep water channel for the Atlantic outflow and also marks the edge of the Barents Sea shelf.  On the recent cruise of the RRS James Clark Ross 127, SAMS conducted a number of hydrographic sections throughout the West Spitsbergen Current and in particular an oceanographic cross section into the Fram Strait in order to determine the detailed hydrography of these water masses.  

The summary of this section contains the following key points:

1. The polar reservoir of ice and the quantity of freshwater release are key components and drivers of the world’s climate system.

2. A reduction in sea ice extent may change the surface albedo from >0.8 to <0.3

3. Predicting the quantity of heat transported to the Arctic via the major inflows through the gateways, such as the Fram Strait, is important.

4. Establishing the contribution of local and regional freshwater fluxes to the north Atlantic and the degree of coupling of these fluxes to the thermohaline circulation is a major objective.

Arctic Carbon Biogeochemistry

The shelf seas of the Eurasian Arctic are an important component in the oceanic biogeochemical cycle for carbon.  Seasonal sea ice and light limitation in winter months add to the strong limitation on primary production in relatively nutrient rich waters.  Of great interest is the potential for increased primary production occurring with increased sea ice retreat.  A consequence of this primary production will be an increase in CO2 draw down and corresponding export flux of carbon and nitrogen.  With increased temperature of shelf seas there is the potential for decreasing the solubility of CO2 adding an important negative feedback.  Across the higher latitude waters of the north east Atlantic, there is significant anthropogenic CO2 draw down.  These high inventories are associated with deep water formation in the north Atlantic (Sabine, et al., 2004).  Climate change is likely to have significant differential effect on the marine and terrestrial components of the organic carbon cycle.  The reduction in sea ice cover is likely to increase light, mixing and growing season, resulting in increased primary production, although it should be noted that the timing of the spring bloom in the marginal ice zone is very important.  The replacement of ice algal communities by pelagic communities will alter the benthic pelagic coupling and the resulting benthic community structure.  Terrestrial carbon cycle dynamics will be affected by river drainage and associated terrigenous carbon input to the coastal and shelf seas.  With increased discharge from Russian rivers there will be a dramatic influence on dissolved organic carbon, and some particulate organic carbon, into the relatively carbon-poor Canadian basin in comparison to the Eurasian basin.  With increased ultra-violet radiation there is significant potential for impact on pelagic ecosystems and photo oxidation of dissolved organic carbon, and finally change in sea ice trajectories are likely to affect transport of particulate carbon particles including the reduction of particle export to the deep Arctic ocean.  Although primary production over a large area of the Arctic ocean (329 Tg of carbon per year) is less than the combined production of the much smaller sub Arctic basins on either side, a significant proportion of the total primary production is grazed (23-67%) leaving more than 50% for export to deeper water (Sakshaug, 2004).  However this vertical export flux of particulate organic carbon is highly variable (7.5-14 gCm-2y-1 at 200 meters water depth, Wassman et al., 2004) and is very susceptible to changes and conditions at the marginal ice zone.  To understand the impact of this export carbon flux and the consequences for benthic-pelagic coupling a number of studies have looked at organic carbon turnover rates in Arctic deep sea benthic communities.  These have suggested that organic matter supply to the deep Arctic Ocean is an order of magnitude greater than that expected from simple sediment trap - based regression of sinking organic carbon fluxes (Klages et al., 2004).

SAMS has been undertaking a number of studies along an east-west transect from the inner Kongsfjord to the Fram Strait, at 79oN.  Using benthic landers, in situ benthic sediment community oxygen demand has been measured.  The use of landers has been calibrated against ship board incubation cores.  The landers are equipped with micro electrodes for dissolved oxygen and have demonstrated quite conclusively that rapid depletion of sedimentary dissolved oxygen occurs within the upper 5 cm of the fjordic and shelf cores with considerable oxygen penetration to depths exceeding 30 cm in the deeper water of the Fram Strait.  From these microelectrode profiles and sediment core incubations it is possible to develop a depth dependent relationship for sediment community oxygen command.  The results (Breuer et.al unpublished) indicate that an exponential decrease in sediment oxygen demand with water depth can be derived.

Studies of the carbon biogeochemistry in the Arctic suggest the following key messages:

1. Biological production in the Arctic is strongly influenced by the mixing, nutrients, sea ice, light, water column stratification, particularly on the continental shelves.  

2. The efficacy of the biological pump on the continental shelves, and the future reduced sea ice regime, is a priority for our understanding of the global carbon cycle (particularly CO2 sequestration) modelling.

3. The increased ventilation to deep water during the winter may increase atmospheric CO2 uptake on the shelves.

4. An improved understanding of the influence of nutrient and light regimes on Arctic functional plankton groups for earth system models is required.

5. Quantification of the benthic-pelagic coupling for carbon and nutrient budgets is important in the Arctic shelf seas.

Arctic Marine Ecosystems

Arctic marine ecosystems are characterised by a short trophic structure developed to enable efficient energy flow over the short duration of summer production.  The dynamics of Arctic pelagic ecosystems are under study via a number of national and international programmes, notably, the ARCTOS Network co-ordinated by the Norwegians at the University of Tromso and the Norwegian Polar Institute.  The Arctic Climate Impact Assessment (ACIA) programme has carried out a number of assessments of the impacts of a warming Arctic on the Arctic marine food web.  These have demonstrated that significant impact is likely to occur to the short chain trophic structure.  Two scenarios may be developed.  The first is under the current conditions of relatively abundant sea ice.  Under such conditions primary production is dominated by ice algae which sink out relatively rapidly during the spring melt providing an ample food supply to the benthos.  The benthos is itself an important food supply for benthic foraging organisms such as shrimp and larger predators including walrus.  However, under a second scenario of limited sea ice conditions with increased phytoplankton relative to ice algae, then grazing of the primary production by zooplankton would result in a decrease in direct export flux to the benthos.  Such an increase in the pelagic zooplankton community is likely to provide more food opportunity for birds and fish relative to the benthic predators.  Thus it is easy to understand the significance of changes to Arctic trophic structure under different conditions of sea ice extent.  

Another important factor in the maintenance and control of Arctic marine ecosystems is the physical hydrography of the shelf seas and fjordic systems.  An example of such interdisciplinarity studies is being undertaken by Willis and Cottier at SAMS.  In their study (Cottier and Willis, in press) three co-occurring species of Calanus are represented in different water masses found in the Kongsfjord.  The primary boreal species, Calanus finmarchicus, characterises Atlantic water inflow as part of the West Spitsbergen Current.  In contrast an Arctic species, Calanus glacialis, is found in the near shore coastal current, and at different times, Calanus hyperboreus, characterises these water masses too.  Willis and Cottier have demonstrated that the inflow of warm Atlantic water into the fjords provides a significant opportunity for increased Calanus finmarchicus populations.  Thus these studies have shown the value of understanding physical forcing and hydrography on the distribution of a zooplankton species that is an important component of the Arctic food web.

Thus, the following key messages may be identified.

1. Changes in the abundance and distribution of Arctic and sub Arctic ecosystems appear to correlate with changes in the physical forcing.

2. The timing of ice dynamics and nutrient regimes, together with associated phytoplankton bloom and subsequent zooplankton grazing, is critically poised.

3. Changes in UV radiation may affect plankton reproduction and the quality of food to the pelagic food web.

4. The connection between sub-Arctic and Arctic ecosystems is very important.  In this context the new proposed study on the Ecosystems Studies of Sub-Arctic Seas (ESSAS) is being designed to assess the importance of this connection (Ken Drinkwater, IMR, Norway).

Arctic Anthropogenic Contaminants

There are a number of major physical pathways (wind, rivers and ocean currents) that transport contaminants to the Arctic.  In the Eurasian Arctic the dominance of the Siberian drainage basin for river inflow, and the opportunity for northward flowing air masses to collect contaminants from European and Russian centres of industry, is quite significant.  In addition, the northward flowing thermohaline circulation is likely to carry anthropogenic contaminants in surface waters to higher latitudes.  In a similar way to the influence of sea ice extent on pelagic ecosystems, ice extent also is important in controlling the transport of contaminants both within sea ice and affecting the deposition from the atmosphere to the marine environment.  Thus strong seasonality in sea ice extent, and the potential increase in reduction of summer sea ice, are likely to have a significant influence on the anthropogenic contaminant burden arising in the sediments and biota of coastal shelf seas in the European Arctic.  

There is now strong evidence to support the connection between excess heavy metals in the Arctic ocean released from industrial sources to the south (Macdonald, et al., 2000).  The pathway by which this transport of heavy metals occurs is still not well understood.  Atmospheric transport of volatile and particulate matter can occur within days, but marine transport and ocean currents is likely to take place over longer periods and may be similarly important (Smith, et al., 1998).  To date, there has been one significant study to investigate the contribution of anthropogenic lead to the sediments of Arctic ocean basins related to the advection of water masses (Gobeil, et al., 2001).  In their study, they carried out a number of measurements of sediment cores from both the Eurasian and North American basins of the Arctic, and link these to some measurements from ice cores.  They show significant difference in the stable lead isotope ratio, and increase in the contaminant lead inventory, within Eurasian Basin sediments.  

To further understand the balance between marine versus atmospheric transport SAMS scientists have been collecting cores from ice covered lakes in Svalbard and from sediment cores within the adjacent fjords and continental shelf.  These cores have been measured for the stable lead isotope ratio (206Pb/207Pb).  These sediment cores demonstrate an upward decrease in stable isotope ratio consistent with an increase in industrial lead and lead added to gasoline.  By dating these sediment cores it is possible to accurately determine the increase in the anthropogenic burden (T. Shimmield, et al., unpublished).  A regression analysis of the isotopic signature of this stable lead demonstrates conclusively that the origin is in Arctic aerosol indicating the significant input via atmospheric particles to the terrestrial lake depositional environment.  Examining the percentage anthropogenic lead in adjacent marine sediment cores shows a decrease in anthropogenic burden from the inner fjords to the outer continental margin, consistent with sediment transport pathways.  Work is being undertaken to map the distribution of lead in sediments on the western Barents Shelf and surrounding seas of Svalbard.  This work will evaluate the role and importance of the different oceanic currents in transporting lead to this area of the Arctic.

In addition to lead, other heavy metals such as mercury and cadmium are also of concern regarding their impact on Arctic ecosystems.  The biogeochemical cycle of these metals is relatively complex, particularly for volatile species such as atmospheric mercury which has significant photo-oxidation chemistry associated with the polar sunrise at the start of the Spring period.  The Arctic Monitoring and Assessment Programme (AMAP) has carried out a significant compliation of data on the concentration of contaminants within marine food webs of the Arctic.  This shows a significant increase in metals and organo-chlorine compounds up the food chain with top predators, such as polar bears, having 2 to 3 orders of magnitude increase in total organo-chlorine compounds in comparison to phytoplankton and total water and sediment concentration in the environment.

Thus the following key messages may be defined for anthropogenic pollutants within the Arctic:

1. Heavy metals and persistent organic pollutants (POPs) in the Arctic have their origin in industrial activity further to the south.

2. The Arctic shelves are a conduit for contaminant input to the Arctic basins, particularly through the sea ice vector.

3. Increased run off from the large Siberian rivers and the associated dynamics of sea ice transport will affect the anthropogenic burden of contaminants to Arctic marine ecosystems.

4. There is the potential for anthropogenic warming to release large quantities of methane hydrates and gas clathrates buried in the sediments of the Arctic shelves.  

Impacts of a Warming Arctic

Throughout this paper, a number of scenarios and impacts have been identified.  The Arctic Climate Impact Assessment programme has added further scenarios associated with the projected decrease in sea ice extent within the summer months over the next 50-80 years.  Associated with this reduction in sea ice extent will be the increased potential for major commercial shipping to be developed along both the Siberian margin and ease of access through the North-West Passage within the Canadian and Alaskan waters.  Such an increase in passage of large commercial vessels is likely to influence a number of marine ecosystems either via the transport of alien species within the ballast water of large vessels, or the increased potential of a major incident resulting in the spillage of hazardous cargos and fuel oils.  Such environmental impacts resulting from an accident are likely to be more profound in the Arctic where colder temperatures on average, will reduce microbial decay rates and natural processes of degradation of hydrocarbons and fuel oils.

All of the scenarios and processes indicated above will benefit from increased scientific co-ordination and a sustained period of observation.  With such rapid change taking place in the Arctic it is important to document the current state of affairs.  Within the context of the International Polar Year 2007/08, a framework for developing scientific collaboration and co-operation, and in particular, within an Arctic context developing a linkage with the indigenous people and their aspirations for their living environment, a number of major interdisciplinary research programmes are proposed.  These proposals include a focus on the dynamics of climatic change associated with a warming world, on the fate and interactions with marine and terrestrial ecosystems and a number that will reveal the social and economic questions arising from rapid environmental change within the Arctic.
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