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Abstract—Marine ecosystems are increasingly affected by underwater sounds. Growing 

scientific and societal concerns have led to several international initiatives to measure the 
environmental impact of ocean noise at a variety of spatial and temporal scales. The following 
statements are formulated around the terms of reference of the International Quiet Ocean 
Experiment (IQOE) for its working group on Arctic Acoustic Environments. It addresses 
knowledge gaps in long-term trends in soundscape characteristics, research priorities 
(transnational programs, equipment/infrastructure sharing), and other issues such as long-term 
data archiving and data access policies.  
 
INTRODUCTION 

The northern high-latitude regions, including the Arctic Ocean, are becoming increasingly 
important as a result of global warming and their growing economic and political interests. Sea 
ice reduction is facilitating resource exploration, marine transport and other economic activities 
in the regions. Warming waters lead to shifts in marine ecosystems and in soundscapes. 

Exploitation of resources in the Arctic is expected to grow in the coming decades, offering new 
opportunities for marine and maritime industries. For example, the Barents Sea is the most 
important fishery area in Europe, and because of global warming there is a large potential for 
increased exploitation of living marine resources in the Arctic seas. Other regions, including 
the Northern Sea Route, will see increasing shipping, in particular from the Chinese One Belt 
One Road Initiative, and Russia aims to open the Bering Strait for large tankers. Due to the 
expected increase in exploitation of the Arctic marine resources, it is expected that ambient 
noise levels will increase in the Arctic in the coming years.  

 
ACOUSTIC POLLUTION OF THE ARCTIC OCEAN AND SEAS 

Ambient noise in the ocean is recognized as a pressing environmental and societal concern; the 
European Union uses it as one of its key descriptors of Good Environmental Status, as defined 
in the 2014 Marine Strategy Framework Directive (http://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32010D0477(01)&from=EN). Shipping levels have 
already increased ambient noise underwater by 12 dB relative to 1960s levels in other parts of 
the world (e.g., Hildebrand, 2009), and similar effects can be expected in the Arctic region (e.g. 
Blondel et al., 2015).  Other sources of human-generated sounds already include seismic 
exploration, either for delineation of Exclusive Economic Zones or for resource mapping (e.g., 



Geyer et al. 2016; Blackwell et al., 2015). These sounds, observed at frequencies of 10–200 Hz, 
can be detected as far as 1,400 km from the actual surveys, and are predicted to become louder 
as the Arctic Ocean warms up. Increased tourism, from large vessels and small craft, will 
increase sound levels both at lower frequencies (e.g., the 63 Hz and 125 Hz used by the 
European Marine Strategy Framework Directive for assessing noise pollution from shipping 
(MSFD, 2014)) and at higher frequencies, particularly in coastal waters (e.g., Stafford, 2013). 
Resource extraction, with drilling and large offshore structures, will contribute to the ambient 
noise. Increased naval activity by neighbouring countries might also add to the general acoustic 
budget. Evidence-based monitoring and management of the Arctic environments requires a 
diversity of baseline measurements of different acoustic metrics, for noise pollution and as 
proxies for other processes, and a good physical grounding of current and expected changes. 

 
INTERNATIONAL COLLABORATIONS AND IQOE 
Several actors, academic, governmental and commercial, are already collecting passive acoustic 
data in the many marine environments making the Arctic region, but the different activities are 
not coordinated and communication is not very developed. It is therefore imperative to increase 
collaboration in the Arctic in order to obtain a better knowledge of current noise status and 
more coordinated observing programs in this harsh environment. This is the goal of the 
International Quite Ocean Experiment (http://iqoe.org/), which has established a working group 
on the Arctic Acoustic Environment. This working group aims to produce an acoustic baseline 
against which future sound increases can be compared. There is a lack of consistent data 
management and data-access policies for scientists and data centers in the field of passive 
acoustics, and IQOE has established a working group to improve collaboration within this field. 
Furthermore, standardization of experimental protocols and observational techniques, and 
calibration of instrumentation (such as acoustic recorders) are essential to enable comparison 
of results. Another IQOE working group will aim to recommend best practices for experiments, 
observation, reporting, and other means to ensure that results are comparable and can be 
integrated to standardize data across large spatial and long-time scales. 
 
FINAL STATEMENT 
  
The IQOE Working Group on “Arctic Acoustic Environments” hopes to get the approval and 
support from AOS 2018 for its work on conducting the following activities: 

• Identify locations of existing acoustic receivers in the Arctic Ocean 
• Identify potential sources of historic acoustic data from the Arctic Ocean 
• Inform the IQOE Data Management and Standardization working groups of historic and 

current data sources in the Arctic Ocean 
• Compile existing acoustic data to determine whether time series showing evolution and future 

trends of relevant acoustic metrics can be created and report to Data Management and Data 
Access WGs 

• Create a synthesis of research papers and state-of-the-art knowledge on the effects of sound 
on organisms in the Arctic Ocean 

• Identify data/research conducted on the effects of permafrost and gas-saturated sediments on 
Arctic Ocean soundscapes 

• Identify an ideal receiver array (location, number of receivers, types of receivers) to observe 
the baseline acoustic environment for the Arctic Ocean 

• Identify ongoing going and planned experiments for which passive acoustics are planned or 
could be added 

• Conduct/Support endorsement processes for passive acoustic projects with the Arctic Council 
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Coastal sea ice: a case study in observing system analysis   

Alice Bradley, Rachel Obbard (Dartmouth College, USA) 
abradley@dartmouth.edu 

A study of coastal sea ice conditions highlighted both certain gaps in the Arctic Observing 
system and the potential for different types of observational techniques to fill in those needs. 


Motivating problem:  
	 In preparation for a Fall 2017 field campaign based around freeze-up near Utqiagvik 
(formerly Barrow), Alaska, our research group was having a hard time finding information on the 
timing of sea ice formation in the region. Questions regarding freeze-up dates, the stability of 
the initial ice cover, and the frequency of open water events were critical to our planning 
purposes, and the lack of available observations to address these questions highlighted 
specific gaps in the observational system. 


General concept:  
	 While little of the Arctic can be said to be throughly monitored, some locations, 
seasons, and conditions are better monitored than others. Investing in platforms to fill in 
existing gaps in the observation network is necessary to improving the overall observational 
system. Remote sensing resources offer remarkable geographic coverage and often frequent 
temporal repeat, but have physical limitations that mean that certain locations and certain 
times of year are not well studied. Just as the IceBridge campaigns provide some continuity 
between satellite operations, well-placed observational systems can bridge gaps between 
remote sensing approaches across geography and season. The approach used in this case 
study illustrates how complimentary observational techniques can fill gaps in the observing 
system, leveraging available resources and opportunities to better understand the changing 
Arctic environment. An optimized Arctic Observing System will place special care to identify 
observing needs around the edges of the scope of remote sensing and in situ observational 
platforms and strategically fill those gaps wherever possible. 

 

Observing system analysis:  
To address the question regarding historical timing of freeze-up in the area surrounding the 
field sites, we first accessed remote sensing data. Passive microwave sea ice extent datasets, 
which provide daily repeat frequency in the Arctic, have been used to study freeze-up timing in 
the central Arctic [Stroeve 2014]. Unfortunately, these retrievals are undefined near shorelines 
[Cavalieri 1996], leaving a line of missing pixels surrounding the areas of interest. Visible 
imagery is particularly limited during the freeze-up season, when lack of sunlight and frequent 
cloud cover make for few images between October and February [e.g., Hall 2015]. SAR satellite 
coverage is extremely limited, though the extant data is of high spatial resolution and extends 
right up to shore. 

	 Figure 1 shows a map of the northern Alaska coastline, with major rivers and population 
centers noted in blue and green respectively. Coastal pixel areas are shown in gray boxes, 
dividing space between the pixel centers evenly to define the grid [Maslanik 2004]. These 
pixels contain both a non-zero area of land and a non-zero area of ocean, and are therefore 
undefined in the passive-microwave sea ice extent records. These areas are a particular 
challenge to observe, especially in the winter season when visible imagery is unavailable to 
supplement the lower-resolution passive microwave retrievals. These areas include a number 
of shoreline types, including river outlets, permafrost bluffs, and rocky cliffs. Sea ice is an 
integral part of the ecosystem, but without better data regarding the presence of ice in these 
areas, the research on coastal ice interactions is limited.  Population centers are marked in 
green, which are both locations where reliable sea ice extent information would be most 



valuable for human activity and locations that would be easiest to gather additional 
information. 

Because the area of interest for our study was near Utqiagvik (formerly Barrow), Alaska,
the research questions could be addressed using a combination of archived webcam images 
(http://seaice.alaska.edu/gi/observatories/barrow_webcam) shore-based sea ice radar (http://
seaice.alaska.edu/gi/observatories/barrow_radar), and local records of ice conditions archived 
through the ELOKA (eloka-arctic.org). These resources proved invaluable to working around an 
observation bias towards clear days that resulted in working from the limited visible imagery. 

Known observing system needs and opportunities: 
Coastal sea ice remains under-observed, especially in the freeze-up season where darkness 
and persistent cloud cover obscures satellite-based visible imagery.  While in-situ assets are 
di$cult to maintain in remote locations, strategic placement of several sea ice observing 
stations would extend the sea ice extent record to the shoreline. Communities along the Arctic 
coastline reduce the logistical cost of these investments, as even simple notes of sea ice 
conditions near shore dramatically improve the available information on the subject. Investing 
in training and compensating local reporters, and supplementing their notes with a few 
webcams and/or sea ice radars at locations with regionally representative sea ice conditions, 
would go a long ways towards improving the observing system’s coverage of a scientifically, 
economically, and ecologically dynamic environment.   
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ARCTIC GOOS 

Erik Buch1, Stein Sandven2 and Jari Haapala3 

1. EuroGOOS AISBL (erik.buch@eurogoos.eu) 

2. Nansen Environmental and Remote Sensing Center 

3. Finnish Meteorological Institute 

 

The Arctic Observing Summit is invited to endorse and promote the idea to establish a Regional alliance for 

the Arctic Ocean – an Arctic GOOS under the UNESCO/IOC led Global Ocean Observing System (GOOS) with 

the goal to ensure a sustained fit-for purpose ocean observing system in the Arctic Ocean. 

 

The rapid transformations occurring in the Arctic are affecting the entire Earth system, including its climate 

and weather extremes, through increased temperatures and the continuing loss of ice, glaciers, snow and 

permafrost. New economic interests in the Arctic have established the region as a larger player in the global 

economy, but also with very significant local effects. In spite of rapid environmental and social change, the 

Arctic remains a region of geopolitical stability that is a pre-condition for sustaining Arctic research. Changes 

in the Arctic are challenging our understanding of their consequences and our ability to provide knowledge 

for decision-makers. It is critical to anticipate changes in the Arctic rather than respond to them, but to do 

this requires sustained observations and improved understanding of local, regional and global processes. 

These research and operational service challenges must be addressed in a coordinated and timely manner to 

ensure sustainable development and resilient Arctic communities and ecosystems. Understanding the 

vulnerability and resilience of Arctic environments and societies requires increased international 

cooperation, including contributions from non-Arctic states. The Global Ocean Observing System (GOOS) is 

well-suited to foster such international cooperation and coordination regarding ocean observations and 

operational service provision.  
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 GOOS is a permanent global system for observations, modelling and analysis of marine and ocean variables 

to support a better understanding of ocean climate and ecosystems, as well as human impacts and 

vulnerabilities. In this context GOOS coordinates observations around the global ocean for three critical 

themes:  

• Climate - a changing climate is linked to a changing ocean. Warming results in land and sea ice melt, 

and increased carbon uptake is causing ocean acidification, both at alarming rates.  The accurate 

modeling of global climate change and variability, and the monitoring of impacts of climate change 

mitigation programs, require sustained and extended observations, including those in the deep 

ocean and in remote regions.  

• Ocean Health - the global ocean offers a variety of social, economic, cultural and environmental 

benefits to human livelihoods.  Scientific evidence shows that ocean health, measured in terms of 

productivity, species diversity and resilience, is both impacted by and a threat to human activities. 

GOOS contributes to the ocean health theme by facilitating ocean monitoring for the conservation 

of biodiversity and the maintenance of sustainable ocean ecosystem services. 

• Real-time Services - Real-time ocean data services provide improved weather forecasts and early 

warning for ocean-related hazards at the coast. This enhances the safety and efficiency of all ocean 

industries strengthening the global maritime economy. Societies and economies also benefit from 

this near-term ocean and climate information, such as El Niño forecasts, that are essential to global 

agriculture, water management, and disaster risk reduction. 

  

These themes correspond to the GOOS mandate to contribute to the UN Framework Convention on climate 

change, the UN convention on biodiversity and the IOC/WMO mandates to provide operational ocean 

services, respectively. 
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GOOS is organised in GOOS Regional Alliances (GRA’s) – the 

GRA’s promote implementation of GOOS, both regionally 

and globally, adapt existing observing systems and integrate 

them into  a common system, survey the users to determine 

their needs, and increase awareness, build support and 

develop capacity. At present 13 GRA’s exist but none for the 

Arctic Ocean.  

 

EuroGOOS has over the past 20 years established a coordinated ocean observation effort in the European 

part of the Arctic Ocean via its Arctic Regional Operational Oceanographic System (Arctic ROOS). Due to the 

Challenges in the Arctic as described above it has however become clear to us that international cooperation 

and coordination for the entire Arctic Ocean is needed. EuroGOOS therefore have taken the initiative to start 

a dialog within IOC on the idea of establishing a GOOS Regional Alliance for the Arctic – Arctic GOOS.   
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The U.S. Study of Environmental Arctic Change (SEARCH) in collaboration with 
partners will convene an open science and policy meeting in 2019. Like the SEARCH 
Open Science Meeting in 2003, the State of the Arctic Meeting in 2010, and the AON 
Open Science Meeting in 2015, Arctic Futures 2050 is intended to identify future 
directions for Arctic observing and research. Like the previous meetings, Arctic Futures 
2050, will bring together scientists to share the latest understanding and emerging science 
concerning environmental change in the Arctic. Arctic Futures 2050, however, will go 
further in identifying future research directions by expanding participation to include 
policy-makers. The goal is to inform policy with science, and doing so effectively will 
require lasting collaborations between researchers and policy-makers. Policy-makers will 
be active participants in the meeting to ensure that research intended to inform policy is 
framed and executed to maximize its utility. Active collaboration by scientists and policy 
makers will be required to identify and prioritize actionable research. This approach is 
part of a broader SEARCH initiative to establish a community of practice that can help 
guide and prioritize research directions. 
 
The challenge of designing research to meet society’s needs is not unique to the Arctic or 
environmental studies. Ioannidis (2016), for example, argued that in medicine, most 
clinical research fails to be useful “not because of its findings but because of its design.” 



A major design flaw identified by Ioannidis (2016) is a failure to involve patients in 
setting research agendas that align with patient priorities. Along similar lines, policy-
makers have rarely been given the necessary context and involvement to guide research 
in directions most useful to policy development, review, and implementation.  
 
Engaging policy-makers as active participants in Arctic Futures 2050 will require 
building relationships with members of that community early in the planning process. 
Further, the participants in the 2019 open science and policy meeting will need well-
defined goal posts for addressing policy needs. Those goals should be rigorously framed 
within the constraints of realistic assessments of governance and management activities. 
Ad hoc descriptions of such needs are unlikely to produce actionable science. In April 
2018, SEARCH will convene a workshop in which Arctic researchers and policy makers 
will use scenarios to identify plausible futures and the science questions they will present 
for policy makers. The scenarios approach we use provides a formal approach to strategic 
planning used by industry (Bentham 2014; Cann 2010), military planners (Davis et al. 
2007), conservation planners (Peterson et al. 2003), and Arctic communities responding 
to environmental change (Walsh et al. 2011; Lovecraft and Preston, 2017). The scenarios 
workshop will identify the science needed to inform policy in coming decades, which 
will help frame the themes of the Arctic Futures 2050 Open Science/Policy Meeting. 
 
The 2016 AOS conference statement encourages contributions to what is described as the 
“Business Case for Arctic Observing,” which requires systematic means to assess 
“needed resources including infrastructure, instrumentation, human capacity, the 
pathways to financing, and a strategy for sustained financing” (2016, AOS Conference 
Statement). The Scenarios model provides an unique means for considering ‘plausible 
futures’ and the requisite future research needs, including sustained observing 
infrastructure. Such a future-oriented perspective has been missing from other systematic 
approaches to advance integrated and multi-purpose observing infrastructure. The April 
2018 SEARCH scenarios workshop will generate input to the AOS 2018; in turn, we 
anticipate that the Observing Summit will help ensure observing needs are well addressed 
in the Arctic Futures 2050 Open Science/Policy Meeting. 
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Marine and Coastal Safety and Security Infrastructure for the New Arctic Marine Highway 

Molly McCammon and Carol Janzen (AOOS); Seth Danielson, Tom Weingartner, Peter Winsor, 
Hank Statscewich, Andy Mahoney (University of Alaska Fairbanks); Ed Page (Marine Exchange 

of Alaska); Rebecca Heim (National Weather Service)  

As the climate warms, there is likely to be a nearly ice-free Arctic in this century.  Already we 
are seeing extremely low sea ice extent in the winter, particularly in the Bering Strait and 
Chukchi Sea, as well as later freeze-up dates in the fall, thus paving the way for longer – and 
potentially riskier - Arctic navigation seasons. The U.S. and other nations such as Russia, China, 
Korea, and Japan are eyeing increased access and use of this new Arctic Marine Highway for 
shipping, offshore oil and gas and mining activities, commercial fishing and competition for 
subsistence activities and indigenous food security and other interests. For that reason, the 
marine waters and coastlines of the Beaufort, Chukchi and Bering Seas, which comprise the 
entirety of the U.S. Arctic, makes this region of great importance to national and international 
security. The U.S. Arctic in Alaska needs a robust marine and coastal observing infrastructure to 
support national interests in this region.  
 
Similar to many regions of the world that lack power, easy road access and robust 
communication systems, the Alaska Arctic is a challenging environment for obtaining sustained 
observations, especially in real-time. However, the need exists for this information for 
forecasting and reporting on ocean conditions to improve navigation safety, assessing and 
planning for risks and incident response, and responding to coastal hazards such as longer 
periods of mobile ice and increased impacts of waves and storms on coastlines and communities. 
The Alaska Ocean Observing System (AOOS), the Alaska regional component of the national 
Integrated Ocean Observing System (IOOS), has partnered with the Bureau of Ocean Energy 
Management, the University of Alaska, the National Weather Service, the Marine Exchange of 
Alaska and the Arctic Domain Awareness Center to demonstrate new observing technologies and 
infrastructure support data products and applications that address this need. AOOS and partners 
are delivering real-time surface current, sea ice, water level and weather data in areas which were 
off limits 10 years ago, supporting high performance data computing, integration and synthesis 
to generate new data products and decision-support tools, and engaging with the stakeholders 
who will use and benefit from them. Some examples are described here that could be used in 
other remote regions of the Arctic. 
 
High Frequency (HF) radars & remote power modules: Since 2009 during ice-free seasons, 
shore-based HF radars have been used to record real-time hourly surface currents by processing 
the Doppler spectrum from transmitted radar waves backscattered by ocean waves along the 
Chukchi and Beaufort coasts. For the past five years, these power-hungry radars have been 
sustained by remote power modules developed by the University of Alaska Fairbanks for remote, 
“off-the-grid” use. The coverage capability varies with sea ice cover, calm sea conditions, and/or 
ionospheric interference (see www.aoos.org/hfradar). The products can be used operationally for 
sea state conditions, search and rescue operations, navigation and oil spill response. Data are also 
crucial inputs into circulation models and forecasts.  
 
X-band radars have been operating continuously since 2007 in Utqiaġvik (formerly known as 
Barrow) to monitor near-shore ice conditions (up to approximately 20 km or 11 nautical miles) 



and evaluate the stability of landfast sea ice. Images are recorded every 4 minutes and are sent 
via internet to the University of Alaska, where they are processed to derive maps of ice velocity, 
divergence and convergence. Local subsistence hunters and analysts at the National Weather 
Service’s Anchorage Ice Desk have regularly used the sea ice radar to assess ice conditions in the 
Utqiaġvik area. Commercial and civilian mariners use the imagery and animations for 
navigational purposes when mobile sea ice poses a potential threat to their vessels. 
 
Wave buoys measure and transmit data on surface currents, waves and sea surface temperatures 
– all critical data for safe navigation, and validating models and forecasts. Season sea ice has 
restricted use of wave buoys in the past, although seasonal deployments have occurred in the 
Bering Strait and Chukchi Sea.  With longer periods of ice-free seasons, usage of these buoys 
becomes more realistic, with a new buoy planned outside the Port of Nome in summer 2018. 
 
Real-time ice observations are typically restricted to seasonal mooring operations that can only 
be conducted with a ship during ice-free conditions. However, it is exactly during the breakup 
and freeze-up transitions when observations are most needed for accurate ice forecasting and 
modeling efforts. An ice detection buoy system has been piloted for two seasons recently to 
provide real-time temperature and salinity data throughout the water column running up to the 
day of freeze-up or use by sea ice forecasters. The mooring remains in the water without 
recovery while the surface buoy detaches on command at freeze-up, allowing this system to 
remain in place throughout the freeze-up process. With increased ship traffic, deployment of 
these buoys becomes increasingly realistic, and could significantly lengthen the period of real-
time ocean observations during the late fall and early winter in the Arctic. 
 
Accurate water level observations are fundamental for storm-surge forecasting, informed 
emergency response, ecosystem management, safe navigation, and mapping and charting. 
Alaska’s extensive and remote shorelines are especially under-instrumented for water level 
observations, limiting Alaska’s ability to provide useful marine forecasts and leaving exposed 
coastal populations and infrastructure. This is in part because of obstacles including seasonal ice, 
lack of coastal infrastructure and rapid coastal erosion, all which render conventional water level 
sensing technologies inapplicable. AOOS is piloting the use of water level/GPS receivers to 
measure water levels at accuracy levels necessary for computing principal tidal constituents (+/- 
5 cm), estimating tidal datums, and providing observations needed to improve storm surge and 
inundation forecasts. These systems are low-maintenance, power-stingy, and easier and less 
expensive to install and maintain compared to traditional water level gages.  
 
Weather forecasters and mariners alike are benefitting from numerous Automatic Identification 
System (AIS) stations across Alaska, now equipped with weather sensors that report localized 
wind conditions alongside vessel tracking information.  These stations could be further enhanced 
to report local subsistence activity or other community observations to vessels transiting nearby. 
AOOS is working with the Marine Exchange of Alaska to develop a historic database of vessel 
traffic data providing a synthesis, archive, and display of a variety of associated decision-support 
tools. The goal is to enhance usability of this increasingly valuable dataset for analyzing 
potential oil spill impacts from vessel groundings and collisions, risk management measures, 
subsistence use avoidance, and planning and prioritization for hydrographic surveys.  
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A Changing Arctic 

It is well acknowledged that climate is warming much more rapidly in the Arctic and Subarctic than in 

southern latitudes (IPCC, 2014; Serreze et al., 2009) – warming that is driving important changes in the 

interacting abiotic factors that in large part determine the abundance and health of many northern species. 

In Arctic coastal-marine systems a decreased sea ice season and warmer seawater are directly impacting 

sea ice-dependent biota (Eamer et al., 2013; AMAP, 2017), while sea level rise and increased rates of 

coastal erosion (Forbes, 2011; Gunther et al., 2015; Lantuit et al, 2015) are impacting vulnerable coastal 

wetlands that provide critical staging and nesting habitats for many migratory shorebird and waterfowl 

species (Provencher et al. 2018). The degradation of permafrost on exposed lakeshores and riverbanks, 

and the deepening of soil active layers are impacting biota in freshwater systems (Balzer et al., 2014; 

Sniderhan and Balzer, 2016), and are changing the quality and quality of river discharge to coastal marine 

ecosystems - a key determinant of physical processes that directly and indirectly affect coastal marine 

species (Carmack et al., 2016; Frey et al., 2009; Alkire et al., 2017). In terrestrial ecosystems, warming air 

and soil temperatures, degrading permafrost, and reduced snow season are causing infilling and changes 

in the relative dominance of shrubs, with unknown habitat effects (Myers-Smith et al. 2011; Tape et al., 

2006; 2012). In some areas historical lemming cycling is reduced or has crashed, with potentially 

cascading effects on the many species that prey on them (Schmidt et al., 2014). Northern caribou 

populations are at historic lows (Gunn et al., 2010; Parlee et al., 2018; CARMA, 2018), and disease-

driven muskoxen diebacks are occurring in the western Arctic – trends at this time that are largely 

unexplained (Kutz et al., 2015). Other factors such as ocean acidification (Steinacher et al., 2009; 

Yamamoto-Kawai, 2009), increased contaminants (Schuster et al., 2018), inevitable invasion by southern 

species (Lawler et al., 2009), and increased tourism, military activity and development all have the 

potential to significantly impact northern biota. Taken together, these ongoing changes interact in 

complex ways across scales to create high levels of uncertainty for government and regional agencies 

with biodiversity conservation mandates, for communities dependent on country food, and for industrial 
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proponents and operators charged with minimizing and mitigating potential impacts of ongoing and 

proposed developments. 

At the present time in northern Canada, monitoring and research that could contribute effectively to our 

understanding of these myriad changes is fragmented and uncoordinated. For example, many government 

departments conduct excellent monitoring programs that are implemented to fulfill their stated mandates, 

but are not linked to monitoring by academic organizations or communities. Canada is fortunate to have a 

culture of world-class northern scientists, and, although some academic researchers have managed to 

maintain long-term, research-level monitoring programs, they are by necessity limited temporally due to 

funding arrangements, and spatially due to the limited geographic scope of their research areas. 

Community-based monitoring is occurring in many communities across the Arctic and Subarctic, but they 

also lack long term sustainability and regional linkages. We propose here that what is needed is a long-

term experimental approach that coordinates initiatives, methods and protocols to optimize present 

programs and attract new investments to support a long term, sustained national (and eventually 

international) approach to monitoring and research.    

 

The Canadian Arctic Monitoring and Prediction System (CAMPS)  

The Canadian Arctic Monitoring and Prediction System (CAMPS) is a proposal to begin to measure, 

understand and predict biodiversity change and associated abiotic drivers and ecological processes in the 

Arctic and Subarctic landscapes of Canada. The approach is to use CAMPS to initiate a national dialogue 

among all northern actors towards the development of a strategic northern knowledge system that 

coordinates ongoing science initiatives to optimize and coordinate present investments, proposes new 

science investments as needed, and mobilizes the intellectual capital of Indigenous Knowledge present in 

northern communities. Key elements of CAOPS include 1) long-term investment to sustain northern 

research infrastructure utilizing and supporting the present array of research sites to establish and 
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maintain coordinated, long term monitoring experiments, and develop and refine regional predictive 

models; 2) long-term investment in northern communities to build local capacity, and access Indigenous 

Knowledge, to establish science-community partnerships that would implement a network of northern 

community observatories; and 3) coordination of these new initiatives with ongoing surveillance 

monitoring by agencies, universities, land claim bodies, communities and industry to report the state of 

Arctic and Subarctic ecosystems, and to make predictions on near- and long-term change.  

CAMPS as it stands now has 3 main components (Figure 1). The foundation of the system is a network of 

monitoring and prediction observatories, with a Flagship Monitoring Site at the Canadian High Arctic 

Research Station (CHARS) as the hub. The observatory network would be initiated with existing northern 

research sites (e.g., research stations organized under the Canadian Network of Northern Research 

Operators, and the Changing Cold Regions Network, among others) for monitoring terrestrial and 

freshwater systems, and would be piloted in selected coastal communities, with supporting coastal boats 

(e.g., with the Arctic Research Foundation) and larger ships (e.g., Canadian Coast Guard icebreakers), for 

monitoring coastal and ocean ecosystems. Based on the input and direction of relevant science teams and 

IK experts, each site would implement and maintain co-ordinated, long-term monitoring experiments that 

link abiotic drivers and ecological processes to biodiversity outcomes in terrestrial, freshwater and 

coastal/marine ecosystems.    

The intermediate level of the system would work to access and incorporate monitoring data from the wide 

variety of mandate-based monitoring programs conducted by various northern federal and territorial 

government agencies, land claim co-management boards, academic organizations and community-based 

monitoring programs (Figure 1). In many cases results from these programs could be used to calibrate and 

validate regional-scale, remote-sensing based models that reach out from long-term monitoring 

experiments conducted at the observatory network. 
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A final level of CAMPS (Figure 1) would use data and models from the observatory network, and data 

from the intermediate level of mandate-based monitoring programs to develop remote sensing-based 

models to extrapolate local results to reach out to regional and national scales to make predictions of 

change in appropriate monitoring measures (e.g., changes in vegetation composition, structure and 

productivity caused by climate-driven change in soil and site drivers, changes in sea ice biota resulting 

from sea ice changes and warming water) based on a range of climate scenarios. 

The proposal at this time is that CHARS science staff will work with science and community partners to 

implement a proof-of-concept of CAMPS in the CHARS Experimental and Reference Area (CHARS 

ERA) in the Kitikmeot Region of Nunavut. This proof-of-concept follows monitoring approaches 

outlined in more detail in McLennan et al. (in prep). An ecological inventory and mapping system based 

on a nationally- and internationally- standardized nomenclature for arctic and sub-arctic ecological 

communities is seen as a critical component that can link monitoring across the North, permitting the 

broad extrapolation of monitoring and research results, and permitting the development of a national 

experimental design for the terrestrial components of CAMPNet observatories (McLennan et al., in 

press). We are beginning to seek input from northern scientists and Kitikmeot communities to develop 

consensus on appropriate experimental designs and protocols for implementing the intensive long term 

experiments in the CHARS Intensive Monitoring Area, and for designing the extensive calibration-

validation monitoring aspects of the CAMPS in Kitikmeot communities. The long term outcome is that 

the proof-of-concept will demonstrate the usefulness of CAMPS for predicting likely outcomes and 

reducing ecological surprise to support decision-making and proactive adaptation approaches, and that 

this will in turn attract the required investments to implement the system nationally.    

. 
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Overview 
 
AIM-North (www.aim-north.ca) is a proposed satellite mission that would provide observations of 
unprecedented frequency, density and quality for monitoring greenhouse gases (GHGs), air quality (AQ) 
and vegetation in the Arctic and boreal regions using two satellites in a highly elliptical orbit (HEO) 
configuration. Atmospheric species and vegetation would be spectroscopically imaged over land from 
~40-80°N, multiple times per day. Enhancing the mission with additional spectral bands could provide 
complementary data for weather, climate and AQ research and operations. Canada has studied HEO 
mission concepts for communications and Earth observation for about a decade and AIM-North has 
evolved from these earlier proposals (Garand et al., 2014). AIM-North is currently under consideration 
by the Canadian Space Agency, but since its pan-Arctic data would be of value to other northern 
countries, an international partnership is one way to facilitate sharing of AIM-North’s costs and benefits. 
 
Scientific Motivation and Technical Approach 
 
Boreal forests are an important global carbon sink, but it is unclear how climate change will alter their 
net carbon balance in the future. Permafrost is vulnerable to warming, but it is uncertain how much 
carbon could be released as CO2 or CH4 and this uncertainty is coupled with the offset of some CO2 by 
uptake from increased Arctic vegetation density. Dense and frequent satellite observations of northern 
CO2 and CH4 from AIM-North would help to reduce these uncertainties (Nassar et al., 2014). Solar 
Induced Fluorescence (SIF) is as an indicator of photosynthetic intensity, the start, end and intensity of 
the growing season, provides information on vegetation stress and relates to gross primary production 
(GPP). Diurnal imaging of SIF would enhance our ability to assess boreal and Arctic vegetation, 
including their net carbon balance at various space/time scales. Anthropogenic activity and vegetation 
fires at high latitudes impact air quality. Geostationary (GEO) air quality satellites are planned over the 
U.S., Europe and East Asia, but coverage over Canada will be limited. AIM-North could provide 
comparable coverage to these GEO satellites over the high latitudes. Modern weather forecasting also 
relies on GEO satellites up to latitudes of ~55-60°. Enhancing AIM-North to provide geostationary-like 
weather observations could significantly improve forecasts at northern high latitudes, with benefits 
extending to densely populated regions of Canada or Europe. 
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AIM-North’s most unique feature is the use of a highly elliptical orbit (HEO). With two satellites in 
HEOs inclined at ~63.44°, each satellite would dwell over the Arctic for many hours, enabling quasi-
continuous coverage of northern regions. The exact HEO for AIM-North is still to be determined, with 
multiple options and variations available (Trichtchenko et al. 2014; Garand et al. 2014, Trishchenko et 
al. 2016). AIM-North would use a dispersive ultraviolet-visible spectrometer (UVS) to measure 
reflected sunlight to retrieve trace gas species and aerosols for AQ research and operational forecasting
(see Table 1). The UVS would span 290-780 nm with a spectral sampling of ~0.4 nm and use push-
broom scanning to image northern regions with 3x3 km2 pixels every ~60-90 minutes of daylight (Fig. 
1). AIM-North would use an imaging Fourier Transform Spectrometer (IFTS) to record spectra of 
reflected shortwave infrared (SWIR) and near infrared (NIR) solar radiation in 4 spectral bands (~0.25 
cm-1 sampling). The IFTS would image column CO2, CH4, CO and O2 on detector arrays for the four 
bands in Table 1, to give 3x3 km2 ground pixels every ~60-90 minutes of daylight. A few isolated lines 
for SIF retrieval would be included in the IFTS 760-nm band, while the UVS would observe SIF over a 
broad spectral range. Although both the UVS and IFTS interferometer have heritage in successful Low 
Earth Orbit (LEO) satellites, imaging from HEO would be a novel application of these technologies.

Table 1. Spectral bands, spectral sampling and target species.

Band (nm) Band (cm-1) Spectral 
Sampling

Target Species

UV-vis grating
280-780 12820-35714 ~0.4 nm O3, NO2, BrO, HCHO, SO2, SIF 

aerosols and more

NIR & SWIR 
IFTS

758-762 13118-13192 0.25 cm-1 O2 A band: psurf, aerosol, SIF

1570-1587 6300-6370 0.25 cm-1 CO2 columns

2042-2079 4810-4897 0.25 cm-1 CO2 columns

2301-2380 4195-4345 0.25 cm-1 CH4 and CO columns

IFTS 
enhancement

Mid-wave IR (MWIR) 0.25-1.25 cm-1 T, H2O, O3, CO, CO2, CH4,
HNO3, CH3OH, HCOOH, PAN, 
HCN, NH3, SO2…

Longwave IR (LWIR) 0.25-0.50 cm-1

Figure 1. Potential AIM-North imaging
approach. Each colored region would be 

scanned every ~60-90 minutes during
daylight.

Adding LWIR/MWIR bands to the IFTS would enable northern 
measurements of temperature, water vapour and atmospheric 
motion vectors (for weather forecasts) along with numerous 
AQ species, and upper tropospheric CO2 and CH4 during days, 
nights and all seasons, but this would increase mass and cost. 
Other potential enhancements include a cloud imager to 
improve pointing strategies or a small dedicated aerosol 
instrument for improved AQ health forecasts.

AIM-North accuracy and precision targets are aligned with 
international GEO missions. Existing northern validation sites 
along with some new sites will be required to assess data 
quality and ensure that accuracy targets are met. Spatially 
and/or temporally averaging AIM-North data can improve 
precision beyond target values for some applications.
Alternatively, sequentially combining multiple images can
yield movie-like views of evolving atmospheric composition.
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International and Societal Relevance 
 
The Committee on Earth Observation Satellites (CEOS) Atmospheric Composition Virtual Constellation 
(AC-VC) group is coordinating a virtual constellation of three GEO satellites complemented by LEO 
satellites for air quality and a constellation for GHGs is now also beginning to form. AIM-North could 
observe the same species (many of which are considered Essential Climate Variables or ECVs) in a 
quasi-geostationary manner over the Arctic and adjacent high latitude land regions. This would extend 
the constellation for science, to support policy and to contribute to the intercalibration of GEO missions. 
 
Quantification of anthropogenic CO2 emissions from space (Nassar et al., 2017) is of high interest 
internationally, but more extensive imaging with a shorter revisit than currently available is needed for 
all regions of the world. Over 60 space and related member agencies of CEOS agreed to the New Delhi 
Declaration in 2016, which identified the need for better GHG observations to support emission 
reduction goals under the UN’s Paris Agreement. Countries are moving forward with LEO and GEO 
missions to support this goal, but cite a HEO mission to address high latitude regions, as part of the 
long-term vision (Pinty et al., 2017). 
 
Science Ministers of the 8 Arctic countries and 14 others plus the European Union issued a Joint 
Statement on Arctic Science in 2016 and one of the four themes was Strengthening and Integrating 
Arctic Observations and Data Sharing. Foreign Ministers of the 8 Arctic states signed The Arctic 
Science Agreement in 2017 pledging to develop and expand international scientific co-operation. 
Finland is chairing the Arctic Council (2017-2019) under the theme Exploring Common Solutions, with 
priorities including Environmental Protection and Meteorological Cooperation. Since AIM-North’s 
unique northern coverage, spanning all longitudes, would generate valuable data over all Arctic 
countries, an international partnership, consistent with the high-level aspirations identified above, is one 
potential way forward to enable sharing of AIM-North’s costs and benefits. 
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ABSTRACT: This paper addresses the gap in ocean in situ observations in the Arctic. We 
describe how multipurpose acoustic systems can contribute to an optimized Pan Arctic Ocean 
Observing System. The upcoming pan-arctic Coordinated Arctic Acoustic Thermometry 
Experiment are described as well as how this can be used to create a multipurpose Arctic 
observation system for the future. It is a major problem that in situ observing systems lack 
sustainability. Accordingly, our main statement is that sustainable ocean observing systems in 
the Arctic depend on long-term funding, and we argue for that funding mechanisms other than 
research programs should be used for this.  
 
INTRODUCTION. 
It is of high priority to develop and implement research infrastructures to monitor changes in 
the Arctic environment on seasonal, annual, and decadal scales. Satellite observations are now 
under rapid development and plays a major role in Arctic monitoring, while there are large gaps 
in the in-situ ocean observing system. Various technologies are under development. Ice-ocean 
buoys drifting with the ice can provide multi-disciplinary data in near real time, but very few 
institutions have long-term funding to deploy and replace the buoys. Bottom-anchored 
moorings are well-established multi-disciplinary platforms, but very few in the Arctic with 
long-term funding e.g. Hausgarten and the Fram Strait array of oceanographic moorings.  
 
Profiling floats, frequently used in open ocean, have to surface to transmit data, update their 
clocks, and geo-position via satellite. In ice covered regions floats may not be able to surface 
for many months. During this time, the sensors will collect data, but the positions where the 
data are taken will be unknown and the clocks will not be accurate. Cheaper floats combined 
with installation of an underwater acoustic geo-positioning system can make a significant 
contribution to the observation of the Arctic ocean. A network of fixed mooring systems with 
acoustic transceivers in the Arctic Ocean will provide an underwater geo-positioning system 
for all users in direct analogy with GPS positioning. The same system will provide ocean 
observation through acoustic thermometry, passive acoustic monitoring, and oceanographic 
point measurements.  
 
PAN ACOUSTIC MULTIPURPOSE NETWORKS IN PROGRESS 
Moored multipurpose acoustic networks have been implemented in a sequence of year-long 
research experiments in the Fram Strait and in the Beaufort Sea (Mikhalevsky et al. 2015). The 
technological readiness level is high, while the data management of passive acoustics and 
acoustic thermometry is not very well developed. The acoustic data has not yet been included 
in the common data repositories because standards and formats have been missing. This is 
currently addressed and under development within the INTAROS project (Integrated Arctic 
Observation System).  
 



The previous experiments have all been implemented in the Marginal Ice Zone, but new 
initiatives for establishing acoustic networks in the interior of the Arctic have begun. Recently 
the Research Council of Norway and Office of Naval Research funded the Coordinated Arctic 
Acoustic Thermometry Experiment (CAATEX). A sketch of the planned configuration of the 
acoustic network and the drifting acoustic source is shown in Figure 1. The primary objective 
of CAATEX is to use acoustic thermometry to estimate the heat content of the Arctic Ocean to 
benchmark how warm the Arctic Ocean is and to improve our understanding of uncertainties 
in ocean heat content estimates from climate models. The CAATEX experiment will start in 
September 2019 and recovered in 2020 as part of the MOSAIC program.  
 
The approach is to let a low frequency sound source drift with the ice across the Arctic Ocean 
as part of the MOSAiC. A sequence of 5-6 moorings will be installed from north of Svalbard 
and across the Arctic Basin using icebreakers. The acoustic moorings will be deployed in 
coordination oceanographic mooring arrays implemented by INTAROS project. The acoustic 
moorings will receive signals from the drifting source from different positions. Acoustic travel 
times between each source and receiver pair will be used to estimate mean ocean temperature 
along the section. In this way, a large part of the Arctic Ocean will be scanned through the 
“moving ship tomography” technique. This is the first time that the mean ocean temperature of 
the Arctic Ocean is scanned. Some of the new observations will be comparable to trans-Arctic 
measurements in 1994 and 1999. Thereby, it will be possible to document changes in mean 
ocean temperature over two decades. CAATEX will serve as a pilot for development of a 
network of fixed moorings network with acoustic transceivers in the Arctic Ocean for acoustic 
thermometry, UW-GPS, and passive acoustics. The CAATEX network can be extended by 
other national or international programs by more receivers and sources. In this way, the 
coverage and regional resolution can be improved.  
 
OUTLOOK 
As a follow-up of CAATEX we propose that well proven and robust instrumentation mounted 
in sea floor installations, bottom anchored oceanographic moorings, and drifting ice-tethered 
platforms should be combined with the multi-purpose acoustic networks. The system will 
enable year-round observations of ocean heat content, ocean acidification, sea level 
measurements, sea ice thickness, vocalizing marine life, acoustic impact of human activities, 
and geophysical hazards (e.g. earthquakes, landslides, tsunamis). This would establish a multi-
disciplinary observatory in the central Arctic. To proceed it is essential that long-term funding 
mechanisms for ocean observatories in the Arctic are made available outside the research 
programmes for example through national, European and international infrastructure initiatives 
(Sandven et al. 2018).  
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Figure 1. The CAATEX observational concept comprises: The anticipated drift of the MOSAIC 
platforms is shown by the red line. The planned acoustic moorings (A, B, C, D, E ). D and E 
are provided by the US partners. (white lines) Examples of paths between the drifting source 
and moorings. The shadowed area illustrates the volume scanned by acoustic thermometry. The 
green line will coincide with experiments 20 years ago.  
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Abstract 
 
The INTAROS project funded by H2020 for the period 2016-2021 has been established to advance 
the development of an integrated Arctic Observation System. INTAROS has focus on the in situ 
component of the observing system, where collaboration across the Pan-Arctic regions is necessary 
in order to make progress on the four main challenges: (1) Organisation, (2) Technology, (3) Data 
collection and dissemination, and (4) Funding mechanisms. In Europe, the collaboration is built on 
established initiatives such as the EU Arctic Cluster projects, infrastructure projects and the 
Copernicus services. In the Pan-Arctic region, collaboration is developed under SAON (Sustaining 
Arctic Observing Networks) including the Arctic Data Committee, Committee on Observations and 
Networks, Global Cryosphere Watch, Year of Polar Prediction and other ongoing polar 
programmes. 
 
Introduction 
 
The possibilities to build up in situ observing systems in the Arctic are foreseen to increase in the 
coming years as a result of more human activities in the region. Many countries, in particular the 
Arctic countries, EU and several Asian countries, plan to increase their research efforts, participate 
in exploitation of resources, development of transport systems, and thus play a role in the economic 
development in the region (Arctic Research Commission, 2016). On this background, the 
opportunities to collect more environment and climate data in the Arctic are expected to increase. 
The main challenge is therefore to organise and enhance the data collection as a collaborative effort 
between researchers and stakeholders and to establish funding mechanisms to secure sustainability 
of the observing systems.   
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Requirements to a Pan-Arctic Observing System 
 
In order to better observe, understand and predict the changes, it is important to build up a network 
of observing systems covering atmosphere, ocean and terrestrial sites across the pan-Arctic region. 
Observing systems are normally set up to serve specific applications, such as climate monitoring, 
natural hazard monitoring (storm surges, earthquakes), pollution monitoring or fisheries 
management. Common for all observing systems is the definition of requirements on what variables 
should be observed, where and how the data should be collected and be used in the specific 
applications. Observing systems for climate should operate over decades and secure global 
observations that are required for climate research and climate change impact assessment. The 
Global Climate Observing System (GCOS) has defined a number of Essential Climate Variables 
that are key for sustainable climate observations (GCOS, 2016). Weather and sea ice services have 
requirements for climate data as well as near real-time data for use in forecasting models. Other 
dedicated observing systems are under development for pollution monitoring and traffic control.  
 
Ongoing efforts 
 
Significant efforts have been initiated to build components of Arctic observing systems, addressing 
specific thematic areas or regions in order to serve relevant stakeholders. Most efforts to build and 
operate observing systems are based on time-limited research funding, which is usually not 
sustainable. The IPY (2007-2009) and the upcoming MOSAIC programme (2019-2020) are 
examples of intensified observing campaigns. These campaigns provide enhanced data collection, 
but they do not necessarily contribute to long-term observing system. A number of countries have 
invested in infrastructure and logistical services (research stations, ships and aircraft) supporting the 
observing systems, but they are very scattered in the Pan-Arctic areas. Svalbard, as an example, has 
many research stations and a large number of scientist involved in developing and maintaining 
various observing systems. However, most of the Arctic is not covered by any ground-based 
observing system.  
 
Satellite Earth Observation is the major contributor to data collection in the Arctic. The Sentinel 
satellites under EU’s Copernicus programme is the single largest data producer, providing vast 
amounts of data that are openly available to users.  However, many essential variables cannot be 
observed from satellites and require in situ observations.  For some basic variables (e.g. 
meterological observations) national weather services operate in situ observing systems in the 
Arctic as part of their monitoring and forecasting services. However, these are usually limited to 
national areas, which means that there are few observations in the large Arctic Ocean.   
 
 
Building sustainable observing systems 
 
How can research-generated observations be transferred to long-term monitoring programmes for 
selected key variables ?    In order to succeed in building sustainable observing systems, the 
following four challenges need to be advanced: organisation, technology, data collection and 
dissemination, and the funding mechanisms.    
 
(1) Organisation. It is necessary to develop better collaboration between the providers of data, 
including both researchers, operational agencies, industry and local communities. The goal is to 
optimize usage of the available resources and to find new resources to fill major gaps in the 
observing systems.  There is collaboration for example among institutions working on research 
vessels and icebreakers as well as operators of research stations and other infrastructures. But in 
many cases, the collaboration regarding data collection can be improved among the scientific 
groups working in the Arctic as well as with local communities and industry. The organisation of 
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the in situ data collection is hampered by lack of an overarching body working on Pan-Arctic scale. 
The Satellite Earth Observation community is well organised through space agencies (e.g. ESA, 
Eumetsat, NASA, etc.), implying that the observing systems are well-functioning and evolves in a 
coordinated manner. The in situ component of the observing systems does not have this level of 
organisation, and is therefore mainly dependent on national, regional or discipline-oriented 
programmes. Some global programmes (e.g. through WMO, CGOS) support internationally 
coordinated observing systems, but these are mostly funded nationally and have poor data coverage 
in the Arctic.  
 
(2) Technology.  There is significant development of observing technologies that  
can contribute to the in situ component of the observing systems in the Arctic, such as ice buoys, 
underwater platforms, drones and other atmospheric-terrestrial systems.  The main challenge is to 
install and operate robust and automated systems that can function throughout the year. Industry 
plays an important role to develop such systems, but this requires technology development 
programmes which are scarce in most countries. Industry investments in Arctic technology is 
dependent on expected future market development in shipping, oil and gas exploration, tourism, 
communication and other commercial activities. There are expectations for increased commercial 
activities in the coming years, which can play an important role in developing and operating 
observing systems in the Arctic.  
 
(3) Data collection and dissemination.  Thanks to the Copernicus programme and other satellite 
programmes, data collection and dissemination services develop rapidly for Earth Observation data. 
For the in situ component the data collection evolves much slower because deployment of 
observing platforms is hampered by technology, logistics, data communication and relative high 
cost of operating the platforms. Also data policy and accessibility to data are limiting factors.  
 
(4) Funding mechanisms.  For space data, the space agencies are funded by the 
governments/countries, usually with long-term budgeting that is necessary for planning and 
implementing space infrastructure, ground segments and data dissemination.  The main funding for 
the in situ observations (from stations on land and ship observations at sea) comes from the nations 
who have responsibilities in national territories and coastal ocean areas. Observations in the central 
Arctic is usually funded by research programmes and is therefore challenging to sustain. EU is the 
largest contributor to Arctic research projects and it would be important for the sustainability if 
some of this funding can be allocated towards building and operating long-term observing systems.  
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The	Case	for	a	Framework	-	Optimizing	Observing	and	Data	Systems	for	Sea	Ice	Forecasting	&	
Monitoring	under	the	Arctic	Observing	Network	
S.	Starkweather,	S.	Farrell,	S.	Helfrich,	J.	Intrieri	
	
Background	
The	case	for	a	sustained,	international,	multi-disciplinary	Arctic	Observing	Network	(AON)	has	been	
upheld	and	advanced	within	national	and	international	settings	for	more	than	a	decade	(NRC,	2006;	
IARPC,	2007;	AOS,	2016).		Recently,	the	U.S.	has	indicated	its	readiness	to	act	by	formally	establishing	a	
U.S.	Arctic	Observing	Network	(U.S.	AON),	which	is	also	intended	to	support	the	strategy	of	the	
international	Sustaining	Arctic	Observing	Networks	(SAON).		The	U.S.	AON	Office,	under	the	guidance	of	
a	Federal	U.S.	AON	Board,	coordinates	funders,	subject	matter	experts,	research	networks,	international	
partners,	and	stakeholders	through	advancing	two	distinct,	but	interrelated,	approaches:	an	AON	
Framework	and	U.S.	AON	Tasks.			
	
Structured	Approaches	to	Observing	Network	Development	
A	value-based	observing	framework	is	an	organizational	tool	that	brings	systematic	coherence	to	a	
complex	of	observing	objectives.		The	goal	is	to	elucidate	and	build	upon	common	denominators	across	
these	objectives,	in	order	to	maximize	the	user	base	and	societal	benefits	of	the	observing	system.		
Framework	development	should	be	undertaken	by	an	authoritative	body	whose	mandate	fits	the	scope	
of	the	effort.		SAON,	whose	mandate	is	suitable	to	the	scope	of	an	international	AON,	has	recently	made	
progress	on	a	key	input	to	an	AON	framework	through	the	International	Arctic	Observing	Assessment	
Framework	(IAOAF,	IDA,	2017),	which	identified	Arctic-specific	societal	benefits	and	120	“Key	
Objectives”	that	support	those	benefits.			
	
Tasks	provide	an	implementation	structure	through	which	an	AON	framework	can	be	advanced	at	
national	or	international	levels.		Tasks	must	also	be	supported	by	authoritative	(and	ideally,	funded)	
bodies	to	legitimize	and	sustain	their	efforts.		For	example,	U.S.	AON	Tasks	are	led	by	one	or	more	U.S.	
agency	in	alignment	with	their	mission;	each	has	the	potential	to	internationalize.		SAON	has	already	
endorsed	many	international	Tasks	that	represent	large,	thematic	observing	efforts.		Tasks	rely	upon	a	
strong	base	of	grassroots	support	from	voluntary	subject	matter	experts.			
					
Frameworks	and	Tasks	progress	in	relation	to	one	another.		Tasks	provide	organizational	starting	points	
for	Framework	development	and	manageable	units	for	Framework	implementation.	Frameworks	
enhance	the	collective	benefits	of	the	Tasks	and	generate	coherence	and	linkages	across	the	constituent	
parts.		In	network	parlance,	Tasks	are	the	Nodes	and	the	Framework	demonstrates	how	the	Nodes	are	
Linked	or	related,	thereby	enhancing	their	value.				
	
U.S.	AON	Task:	Mobilizing	Observations	in	Support	of	Sea	Ice	Forecasting	
The	recently	initiated	U.S.	AON	-	Sea	Ice	Forecasting	(U.S.	AON	-	SIF)	Task	has	drawn	together	subject	
matter	experts	in	sea	ice,	satellite,	airborne	and	in	situ	observing,	data	assimilation,	coupled	model	
development,	operational	model	development,	and	data	product	and	data	service	providers.	The	first	
purpose	of	U.S.	AON	-	SIF	is	to	drive	greater	integration	across	sea	ice	observing	activities	of	relevance	to	



ice	forecasting	services,	with	the	aim	of	generating	new	and	more	accessible	observational	products.	
The	extended	purpose	of	U.S.	AON	-	SIF	is	to	take	a	holistic	and	strategic	view	(i.e.	framework)	towards	
the	required	sea	ice	observing	systems	of	the	future	AON.	In	the	near	term	U.S.	AON	-	SIF	is	focused	on	
mobilizing	algorithm	development	for	a	multi-sensor,	sea	ice	thickness	(SIT)	product	in	support	of	
operational	forecasts.	It	is	anticipated	that	this	effort	will	demonstrate	the	utility	of	a	sea	ice	thickness	
product	for	improved	forecasting	and	thereby	provide	the	impetus	for	an	operationalized	daily	product.	
	
Facilitating	the	U.S.	AON	-	SIF	with	the	Framework	for	Ocean	Observing	
This	AOS	Conference	Statement	demonstrates	how	an	existing	observing	framework,	the	Framework	for	
Ocean	Observing	(FOO,	UNESCO,	2012),	provides	a	coherent	structure	that	can	be	adopted,	with	
modification,	for	the	successful	implementation	and	internationalization	of	Tasks	such	as	the	U.S.	AON	-	
SIF.		Through	the	FOO,		the	Global	Ocean	Observing	System	(GOOS)	mobilizes	broad,	sustained,	
international	participation	in	ocean	observing	to	serve	a	large	research	and	operational	user	base.	We	
here	illustrate	how	a	Framework	for	Arctic	Observing	would	consolidate	and	extend	the	benefits	of	U.S.	
AON	-	SIF	through	the	elements	of	the	FOO,	defined	below.			
	
1.	Requirements	Element:	Subject	Matter	Experts	identify	the	system	requirements	based	on	their	level	
of	scientific	and	societal	impact	as	well	as	on	how	feasible	they	are	to	observe.			
	
A	number	of	U.S.	federal	agencies,	including	the	National	Ice	Center	(NIC),	National	Oceanic	and	
Atmospheric	Administration	(NOAA)	and	the	U.S.	Navy,	have	defined	mission	requirements	for	accurate	
monitoring	and	timely	charting	of	sea	ice	conditions.	The	U.S.	AON	-	SIF	team	is	working	to	assemble	the	
federal	mission	observational	requirements	for	sea	ice	into	a	consolidated	national	view.			
	
The	AON	scope	for	SIF	requirements	includes	key	objectives	under	the	IAOAF	societal	benefit	areas:	
Weather	and	Climate,	Infrastructure	and	Operations,	Food	Security,	and	Disaster	Preparedness.		This	
scope	guides	which	subject	matter	experts	need	to	be	included	in	requirements	setting.		For	example,	
the	key	objective	-	Ensure	domain	awareness	for	disaster	response	-	under	Disaster	Preparedness	
suggests	that	operational	responders	must	be	included.		Following	the	FOO	requirement	template,	
applying	the	IAOAF	and	involving	international	partners	would	generate	a	valuable	input	to	AON	for	sea	
ice.			
	
2.	Essential	Observing	Variables	Element:	A	discrete	set	of	technology-neutral	observing	targets	that	
have	been	demonstrated	to	be	highly	impactful	across	the	framework	objectives	with	a	mature	
‘readiness	level’.			
	
Sea	Ice	is	already	an	‘essential	ocean	variable’	under	the	FOO	(see	link),	with	observing	requirements	
that	are	heavily	focused	on	the	societal	benefit	of	global	climate	projections.		Applying	the	IAOAF	
societal	benefits	lens	to	this	variable	under	the	FOO	would	enhance	AON	for	SIF.		For	example,	SIT	has	
been	identified	as	high	impact	for	Arctic	SIF	through	ad	hoc	model	experiments,	but	it's	operational	
readiness	in	the	Arctic	is	very	low.		A	community	level	focus	on	this	issue	is	needed	to	advance	the	
operational	readiness	of	SIT	observations	(see	Element	4).			



	
3.	Observations	Element:	Under	observations,	the	framework	clarifies	specific	bodies	that	undertake	
specific	observations	and	their	data	accessibility.			
	
While	U.S.	AON	-	SIF	provides	a	valuable	national	interface	to	improve	readiness,	sea	ice	monitoring	and	
forecasting	ultimately	requires	international	collaboration	and	coordination.		Many	organizations	work	
around	this	issue,	but	there	has	been	limited	success	in	providing	a	holistic,	consistent,	and	sustainable	
approach	towards	polar	ice	monitoring.		WMO’s	Snow	Watch	under	Global	Cryosphere	Watch	(GCW)	
has	set	out	to	improve	international	cooperation	and	can	serve	as	a	model	for	creation	of	an	“Ice	
Watch”.		The	main	goals	of	Snow	Watch	are	improvement	of	in	situ	snow	reporting	and	measurements,	
evaluation	of	snow	product	accuracy	and	maturity,	exchange	of	snow	data	and	information,	and	
identification	of	critical	snow-related	issues.		It	would	be	valuable	to	provide	similar	international	
cooperation	between	ice	charting	services,	ice	remote	sensing	data	providers,	in	situ	observers,	ice	
modelers	and	data	assimilators,	and	long-term	ice	monitoring	agencies.			
	
4.	Improving	Readiness	Element:	Partnerships	and	tasks	improve	the	readiness	levels	of	requirements,	
observations	elements	and	data	systems.		
	
A	focal	point	for	this	element	is	improving	observational	approaches	for	those	sub-variables	identified	as	
high	impact	and	low	readiness	under	the	essential	variable	process.		For	example,	the	U.S.	AON	SIF	Task	
Team	is	focused	on	algorithm	development	for	a	multi-sensor,	sea	ice	thickness	product	in	support	of	
operational	forecasts.	The	team	will	utilize	satellite	sea	ice	freeboard	and	thickness	observations	from	
the	European	Space	Agency	(ESA)	CryoSat-2	and	the	NASA	ICESat-2	(due	for	launch	in	Sept.	2018)	
missions	to	develop	high-resolution,	along-track	products,	as	well	as	weekly-,	monthly-	and	seasonally-
averaged	grids,	for	data	assimilation	(DA)	and	forecasting	experiments.	The	outcome	of	this	effort	will	
improve	the	readiness	of	this	sub-variable	under	an	AON	for	sea	ice.			
	
5.	System	Evaluation	Element:	The	observing	system	should	be	under	constant	evaluation	to	discern	
changes	in	readiness	and	identify	risks	to	its	sustainability.		
	
Several	partners	of	the	US	AON	-	SIF	Team	(Naval	Research	Lab,	NOAA’s	RASM-ESRL-SIFT,	NOAA’s	Arctic	
Test	Bed)	already	contribute	towards	system	evaluation	and	welcome	the	opportunity	to	align	
approaches	and	share	lessons.		Additionally,	the	team	includes	efforts	to	independently	verify	the	
impact	of	specific	parameters	on	forecasts	through	Observing	System	Simulation	Experiments	(OSSE’s).		
It	was	through	such	an	OSSE	that	high	impact	of	SIT	on	forecast	bias	was	identified.		Needless	to	say,	
international	alignment	greatly	accelerates	the	pace	of	evaluation	efforts.			
	
Conclusion	
The	purpose	of	this	statement	was	to	explore	how	relevant	AON	Tasks	might	benefit	from	applying	an	
approach	like	FOO,	with	regionally	specific	considerations.		The	FOO	approach	provides	a	valuable,	
systematic	means	to	organize	U.S.	AON	-	SIF,	and	ultimately	provides	a	gateway	to	well	coordinated	
international	partnership.				A	valuable	outcome	of	the	AOS	would	be	the	systematic	mobilization	of	



such	an	approach	towards	a	Framework	for	Arctic	Observing.		We	encourage	SAON	and	its	members	to	
advance	its	efforts	towards	a	framework	in	order	provide	the	vital	linkages	between	the	nodes	of	the	
Arctic	Observing	Network.		
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ABSTRACT 
 
The Ice-Tethered Profiler program at the Woods Hole Oceanographic Institution was initiated in late summer, 2004 
with the deployment of the first prototype system in the Arctic's Canada Basin.  Over the subsequent 13 years, with 
contributions from European, Asian, and fellow North American investigators, 97 ITP systems have been fielded in 
the Arctic that have collectively returned nearly 100,000 data files containing information about the Arctic Ocean's 
thermohaline stratification and a variety of other parameters. The design and performance of these ITP systems are 
reviewed, recent enhancements and capabilities summarized, and challenges to the future of the program are 
discussed.   
 
 
INTRODUCTION AND SYSTEM DESCRIPTION 
 
The Ice-Tethered Profiler system (ITP) was designed to sample the upper ocean below drifting sea ice and return 
data in near real time.  Krishfield et al. (2008) and Toole et al. (2011) describe the technology and system 
performance (see also www.whoi.edu/itp).  In short, the expendable ITP consists of a surface buoy (housing 
telemetry and GPS electronics) that supports a weighted wire-rope tether extending through the ice and down to (at 
most) 800 m, Fig 1a.  The heart of the ITP system is a cylindrical vehicle fitted with sensors (similar in size and 
shape to an Argo float) that employs a traction wheel to travel up and down the tether at a nominal speed of 25 cm/s.   
Sensors are operated continuously (at native sample rate) during profiling; data are uploaded to the surface buoy 
after each profile using inductive modem technology and then telemetered to shore via Iridium Rudics.  Data may be 
stored in the underwater vehicle and/or surface buoy should satellite telemetry be interrupted.  Discrete sensors may 
be additionally affixed to the tether above and/or below the profiling interval, with data telemetry managed 
similarly.  ITP sampling is governed by a user-defined schedule that may be modified in near real time after 
deployment.  Sampling options include the timing of observations and pressure interval to profile, as well as ability 
to make observations for a specified period at a constant depth.  Deployments may be done from ice camps 
(supported by fixed wing aircraft or helicopters) or ships.  The majority of deployments have been through holes 
augured through ice floes but a handful of systems have been installed in open water (the buoy has sufficient 
buoyancy to support the system); most of those have survived fall freeze-up.     
 
The basic ITP system was designed for an operational lifetime of more than 2 years assuming approximately 1500 m 
of profiling per day (e.g., 2 one-way profiles of 750-m span).  Actual lifetimes of the full ITP system are often less 
than this, Fig 1b.  There are two major failure modes of ITPs: crushing of the surface buoy and/or breaking of the 
tether in ice ridging events and dragging of the tether in shallow water (causing the vehicle to be ripped off the wire 
or the tether to break).  Attempts to restrict deep profiling as ITP systems approach shallow water have had mixed 
success.  As is evident in Fig 1b, ITP surface buoys frequently transmit position data for extended time after 
communication with the underwater units is lost (returning ice drift information).  A small number of ITP systems 
that were rafted over by ice later reemerged and sent backlogs of observations obtained while the system was buried.  
In these cases, ice drift estimates from neighboring buoys and satellite products are used to estimate where those 
observations were made.   
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Figure 1.  (a) Schematic drawing of the WHOI Ice-Tethered Profiler system; (b) Histogram of ITP underwater vehicle lifetimes 
(top) and (bottom) the periods (shown as black vertical bars) over which telemetry was received from each ITP underwater unit 
and from each corresponding surface buoy (black plus gray bars).  The history of ITP systems deployed in the Southern Ocean 
and in lakes are excluded from this plot.  (c) Schematic drawing of the bio-optical ITP sensor suite with CTD/O2, chlorophyll 
fluorescence, CDOM, optical backscatter and PAR (the latter suite housed under a retractable shutter), and (d) installation 
photograph of an Ice-Tethered Profiler with Velocity (ITP-V). 
 
 
SENSORS AND RECENT ENHANCEMENTS 
 
The first ITP systems were equipped with Sea-Bird Electronics, Inc. Conductivity-Temperature-Depth (CTD) 
sensors for observing the ocean's thermohaline stratification.  Subsequent systems have incorporated a variety of 
additional sensors on the profiling vehicle including dissolved oxygen (Timmermans et al., 2010), bio-optical 
sensors (Laney et al., 2013), and current meters (Thwaites et al., 2011; Cole et al., 2015).  In addition, temperature-
conductivity, SAMI pCO2, dissolved O2 and pH sensors have been deployed on ITP tethers just below the ice-ocean 
interface  (Islam et al., 2016).   
 
ITPs record and telemeter full-resolution, full-sample-rate data, allowing accurate sensor response correction (e.g. 
Johnson et al., 2007) and study of small-scale ocean structures such as double diffusive staircase stratifications 
(Timmermans et al., 2008; Shibley et al., 2016).  To reduce telemetry energy, time and cost, data compression was 
implemented in the ITP system, possible because of a new controller installed in the surface buoy (O'Brien et al., 
2015; 2016).  Work is underway presently to adapt this controller to the ITP underwater vehicle, allowing 
compression to occur prior to inductive telemetry to the surface buoy (saving energy in the underwater vehicle).  
The more capable controller will also support more complex sampling schemes, such as selectively powering 
sensors subsets on specified profiles.  In addition, design for a new, lower-cost measurement system (allowing more 
widespread deployment) that focuses on the upper 1-200 m of the water column is under development. 
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SCIENTIFIC ANALYSES 
 
ITP data have been and continue to be used to support a range of scientific investigations and student projects.  The 
basin-wide and year-round coverage facilitates studies of seasonal to interannual physical and biogeochemical 
processes  (e.g. Rabe et al., 2010; McPhee, 2013; Laney et al., 2013, 2017; Islam et al., 2017) and basin-scale 
phenomena (e.g. Timmermans et al., 2014), as well as supports the initialization/validation of and/or data 
assimilation into numerical models (W. Maslowsky, J. Carton, A. Nguyen, personal communications). Smaller scale 
processes may also be investigated with ITP data, including meso- and sub-mesoscale variability (e.g. Zhao et al., 
2014; 2016; Timmermans et al., 2011), near-inertial internal waves (Dosser et al., 2014; Cole et al., 2014) and 
double diffusion (e.g. Shibley et al., 2017).  Notably, the range of sensors able to be supported on ITPs and their 
sampling flexibility provide a wide-ranging view of the evolving Arctic Ocean system. 
 
 
CHALLENGES FOR THE FUTURE 
 
It is widely known that sea ice in the Arctic is shrinking in areal coverage, thinning, and becoming more mobile.  All 
present complications to an ice-based observing system.  Although diminished, the sea ice will remain critically 
important to earth's climate- and eco-systems as well as transportation and tourism, making ice-following observing 
platforms necessary into the future.  The WHOI ITP is able to float and has demonstrated resilience during fall 
freeze-up.  But thinner, more mobile ice can be more prone to ridging that can damage ice based buoys.  It has not 
proven feasible to maintain the array of 20 ITP systems in the Arctic that was envisioned at program initiation.  
Nevertheless, ITPs have and are continuing to return valuable ocean data from the Arctic.  Buoy clusters sampling 
various elements of the atmosphere, sea ice and upper ocean have proven particularly valuable.  Beyond the cost of 
the ITP system (significantly greater than an Argo float), deployment logistics have constrained where and when 
ITP systems are deployed.  It is hoped that international collaborations will continue in future to facilitate 
deployment of polar ocean instruments.  Similar wishes extend to open, rapid data sharing of observations from all 
autonomous instruments deployed in the polar oceans.     
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