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Executive Summary
Over the past century, average Arctic surface air temperatures have increased at almost twice the global
average rate and this rapid warming trend is expected to continue over the next century. Consequently,
Arctic ecosystems have become an area of intense research focus, with specific emphasis on identifying
compounding and exacerbating factors that can be critically important to our understanding and modeling
of key biogeochemical processes. Short-term climate forcings and feedbacks that potentially accelerate
local warming and environmental change in the Arctic are also increasingly affecting society in a variety
of ways: from erosion of Arctic coastlines, to modifications of wildlife habitat and ecosystems that affect
subsistence opportunities, to changes in transportation infrastructure, mineral development, and other
ecological, socio-cultural, and economic uses of coastal ecosystem services. Arctic climate change has
global implications, contributing to global sea level rise and affecting heat-flux changes, atmospheric
circulation, and ocean circulation and dynamics beyond the Arctic region. The realization that changes
within the Arctic have profound impacts on ecosystems and human populations across the globe has
motivated greater attention by researchers, funding agencies, governmental policy makers, and nongovernmental organizations. Recognizing the challenges associated with climate change and the
emergence of a new Arctic environment, the White House released The National Strategy for the Arctic
Region in May 2013. Included among the main principles highlighted in this strategy is: "Making decisions
using the best available information by promptly sharing – nationally and internationally – the most
current understanding and forecasts based on up-to-date science and traditional knowledge". Yet major
gaps remain in our understanding of the feedbacks, response, and resilience of coastal Arctic ecosystems,
communities, and natural resources to current and future pressures. Most importantly, the Arctic coastal
zone, a vulnerable and complex contiguous landscape of lakes, streams, wetlands, permafrost, rivers,
lagoons, estuaries, and coastal seas—all modified by snow and ice—remains poorly understood.
To improve our mechanistic understanding and prediction capabilities of land-ice-ocean interactions in the
rapidly changing Arctic coastal zone, our team proposed a Field Campaign Scoping Study called ArcticCOLORS (Arctic-COastal Land Ocean inteRactionS) to NASA's Ocean Biology and Biogeochemistry
(OBB) Program. The goal of the project was to develop a scoping study report for NASA that describes
and justifies the science imperative and design of an integrative, interdisciplinary oceanographic field
campaign program that addresses high priority science questions related to land-ice-ocean interactions in
the Arctic. During the preparation of the scoping study report, our team consulted with the research
community to refine the high priority science questions for Arctic-COLORS, determine the study domain
and research phases for the field campaign, and explore opportunities for linking to other field activities in
the Arctic. Addressing the campaign’s objectives will require multidisciplinary expertise, a coordinated
engagement of regional authorities and local communities, and a combination of field studies, remotely
sensed observations from various platforms (shipboard, buoys, gliders, ground-based, airborne, satellite,
for example), process studies, and numerical modeling. This scoping study report does not describe a
comprehensive field campaign activity in detail, but rather sketches out key aspects of a field campaign
program including the study region, sampling approaches, critical measurements, remote sensing assets,
and modeling activities necessary to address the science objectives.
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What is Arctic-COLORS? Arctic-COLORS is a proposed NASA-funded field campaign designed to
quantify the biogeochemical response of the Arctic coastal environment to global change and
anthropogenic disturbances – an imperative for developing mitigation and adaptation strategies for the
region. The Arctic-COLORS field campaign is unprecedented, as it represents the first attempt to
study the nearshore coastal Arctic (from riverine deltas and estuaries out to the coastal sea) as an
integrated land-ice-ocean-atmosphere-biosphere system (Fig. ES1). The overall objective of the
proposed field campaign is to quantify the coupled biogeochemical/ecological response of the Arctic
nearshore system to rapidly changing terrestrial fluxes and ice conditions, in the context of environmental
(short-term) and climate (long-term) change. This focus on land-ice-ocean interactions in the nearshore
coastal zone is a unique contribution of Arctic-COLORS compared to other NASA field campaigns in
Polar Regions. Arctic-COLORS will focus on:
1. The effects of land on nearshore Arctic biogeochemistry
2. The effects of ice on nearshore Arctic biogeochemistry
3. The effects of future change (warming land and melting ice) on nearshore Arctic biogeochemistry
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Figure ES1. Arctic-COLORS coastal dynamics linking the three overarching science questions. Processes represented by
arrows as well as those labeled (permafrost dynamics, coastal erosion, landfast ice, etc.) will be examined at
the interface of river estuaries and deltas with the coastal ocean.

4

Science Plan and Implementation - The biogeochemical and ecological complexity of the land-ice-ocean
interface in the Arctic coastal region will require an unprecedented integrative effort utilizing remote
sensing to integrate across multiple spatial and temporal scales. Long-term satellite remote-sensing timeseries will also allow for hindcasting, which will assist in distinguishing between climate change and
shorter-term inter-annual variability. Ultimately, the models developed and improved by this research will
provide a window into the future of the Arctic, with emphasis on identifying the most vulnerable
components of the coastal ecosystem to change and the primary drivers that lead to those vulnerabilities.
Such information will have great utility in planning for future management scenarios and contingencies in
this region.
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The geographical extent of this Arctic land-ice-ocean exchange study is envisioned to extend from the
Yukon River Delta (Alaska) to the Mackenzie River Delta (Canada), including several large and small
rivers along with several coastal erosion sites, extending from the head of tidal influence to the coastal
shelf (Fig. ES2), with high resolution intensive sampling and focused process studies at selected intensive
study sites within this core study domain. The proposed timeline for Arctic-COLORS (2020-2030) will
build upon results, infrastructure, and logistics from major NASA projects such as the Plankton, Aerosol,
Cloud, ocean Ecosystem (PACE) satellite
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Multiple cruises/deployments will be conducted
in each of four consecutive years. To resolve
the seasonal cycle associated with
biogeochemical processes, intensive fieldwork
and process studies will be conducted in
different seasons, including March (end of
winter/early spring), late May/early June (peak
discharge, under ice blooms), July (high
biological and photochemical activity),
September (maximum open water, low river
discharge, pre-conditioning for winter) and
October/November (freeze-up periods for
Mackenzie and Yukon, respectively). Multiple
river mouth and shelf sites will be contrasted.
Coastal erosion sites representative of exposed
bluffs and lagoons will be sampled. Intensive
field studies will be complemented by survey
studies conducted across the study domain to:
1) assess spatial variability in the physical,
biological, and biogeochemical state of
different shelf regions; 2) determine
interactions between the coastal ocean and the
shallower shelf regions; 3) distinguish and
quantify point sources versus distributed
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Figure ES2. Map of the Arctic-COLORS domain notated with pink
shading along the coast in both panels. The domain
includes the globally significant rivers Yukon and
Mackenzie, as well as regionally influential watersheds
across the continuum of coastline in between.
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inputs; 4) develop improved model parameterizations and evaluate model simulations of biogeochemical
fluxes across multiple temporal and spatial scales; and 5) design and evaluate remote sensing algorithms
across a range of environments, so that pertinent remote sensing imagery from satellite and suborbital
platforms can be used to scale up fluxes and processes.
In situ measurements collected during Arctic-COLORS will provide a comprehensive dataset for
evaluating and improving NASA satellite ocean color retrievals in the complex, coastal Arctic region,
enabling the development of new applications for existing sensors as well as providing a robust dataset
required to develop applications for the next generation of NASA ocean color missions. Through a
combination of observational and modeling approaches and by integrating passive and active remotesensing observations from various platforms, Arctic-COLORS will push the envelope of ocean color
research and applications in high latitude areas.
Arctic-COLORS Outcomes – The objectives of Arctic-COLORS directly support the strategic goals and
objectives of NASA's Ocean Biology and Biogeochemistry Program, and are fully aligned with the
objectives of NASA's Applied Science, Terrestrial Ecology, Biodiversity, Carbon Cycle, Ecological
Forecasting, and the Cryospheric Science Programs. Data analyses using information from multiple
complementary satellite sensors that measure atmosphere, land, ocean and sea ice parameters are critical
components necessary to better understand the nearshore coastal Arctic as an integrated land-ice-ocean
system. The validation of remote sensing algorithms utilizing optical, ecological and biogeochemical
measurements from Arctic-COLORS will prove critical for the utilization of NASA’s new mission PACE
across the Arctic seas. Arctic-COLORS will facilitate high temporal-, high spatial- and high spectralresolution field observations that contribute directly to current and future NASA ocean color validation
efforts, and will enhance remote sensing capabilities in one of the most sensitive regions to climate change,
the Arctic. Coastal zones, in general, are some of the most heavily impacted regions of the world by human
activity, and will continue to undergo a high level of stress under the projected accelerated environmental
change, with the remote Arctic regions now joining in. As such, it is critical to develop remote sensing
tools that are applicable to all coastal zones, and Arctic-COLORS will push those tools in new directions
for ice-impacted regions.
Arctic-COLORS is a particularly timely opportunity to respond to the scientific and societal needs for
developing an improved understanding of the coastal Arctic. The proposed field campaign will provide the
necessary linkage between previous NASA field activities studying the offshore Arctic Ocean and ongoing NASA field and synthesis activities conducted in the framework of ABoVE that is focusing on
Arctic land processes, river chemistry, and terrestrial fluxes. At the same time, Arctic-COLORS is highly
synergistic and will benefit from both nationally (USGS, NSF, NOAA, DOE, BOEM) and internationally
funded (e.g., Canada, Europe) field and synthesis efforts in the Arctic with complementary goals and
locations. For example, Arctic-COLORS will leverage off other Arctic research efforts and field activities
such as the USGS/BLM/USFWS National Water Information System, the North Pacific Research Board
program in the Chukchi Sea, the NSF LTER Beaufort Lagoon Ecosystem observatory, the Polar
Knowledge Canada program (POLAR), and the Canadian Sentinel North program. Understanding and
predicting change in the Arctic during Arctic-COLORS will also respond to the recommendation by the
National Research Council to link the terrestrial and ocean ecosystems of the Arctic (NRC, 2015). Further
delays in establishing a comprehensive understanding of current conditions in the coastal Arctic will
hamper future assessments of Arctic climate change impacts. Arctic-COLORS will provide a critically
detailed and accessible knowledge base for future research on ecosystem services, impacts assessment,
emergency management, decision support, and social-environmental systems in the Arctic.
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1.0| Motivation for a NASA-OBB field campaign in the Arctic Ocean coastal zone
"The National Strategy for the Arctic Region" released by the Executive Office of the President in May
2013 sets forth the United States Government’s strategic priorities for the Arctic. Among the major
strategic priorities is the pursuit of responsible Arctic region stewardship, “continue to protect the Arctic
environment and conserve its resources; establish and institutionalize an integrated Arctic management
framework; ...and employ scientific research and traditional knowledge to increase understanding of the
Arctic.” The foundation for U.S. Arctic engagement and activities rests primarily on the following
principle, “Making decisions using the best available information by promptly sharing–nationally and
internationally–the most current understanding and forecasts based on up-to-date science and traditional
knowledge.”
While there is a legacy of research on the nature and effects of climate change in the Arctic, major gaps
remain in understanding the natural variability, vulnerability, response, and resilience of Arctic coastal
ecosystems (Goetz et al., 2011). Most importantly, the Arctic coastal zone, a vulnerable and complex
contiguous landscape of lakes, streams, wetlands, permafrost, rivers, lagoons, estuaries, and coastal
seas—all modified by snow and ice—remains poorly understood. Yet, the Arctic coastal ocean is one
of the most critical areas for decision-making on issues related to marine living resources, energy
resources, industrial development, transportation, security, and conservation. Additionally, many local
communities depend heavily on these coastal Arctic resources and ecosystem services, which are currently
in a state of rapid change.
The proposed NASA Arctic-COLORS field campaign is designed to quantify the response of the Arctic
coastal biogeochemistry to land and ice changes in light of global warming and anthropogenic
disturbances—an imperative for developing mitigation and adaptation strategies for the region. ArcticCOLORS will address fundamental science questions using an integrative, interdisciplinary approach that
combines detailed process studies, field surveys, advanced modeling tools, and enhanced remote-sensing
retrievals from various platforms (ground-based, airborne, and space-based). The Arctic-COLORS field
campaign is unprecedented, as it represents the first attempt to study the nearshore coastal Arctic
(from riverine deltas and estuaries out to the coastal sea) as an integrated land-ice-ocean system.
Understanding and predicting change in the Arctic requires a trans-disciplinary effort including
partnerships with ongoing and future U.S. and international efforts, such as the National Science
Foundation Long Term Ecological Research Network (LTER Beaufort Lagoon Ecosystem), the U.S.
Geological Survey National Water Information System, U.S. Bureau of Ocean Energy Management’s
(BOEM) Marine Arctic Ecosystem Study (MARES NOPP PARTNERSHIP), the Polar Knowledge Canada
program (POLAR) and its Canadian High Arctic Research Station (CHARS) [see letter of support by Dr.
M. Raillard, section §8.5], and Sentinel North programs [see letter of support by D. Brière, section §8.5] as
well as the North Pacific Research Board (NPRB) program in the Chukchi Sea. The campaign will also
take full advantage of synergies with, and leverage existing infrastructure/logistics from, NASA’s ongoing
Arctic-Boreal Vulnerability Experiment (ABoVE), which aims to characterize drivers and consequences of
environmental changes in Arctic terrestrial socio-ecological systems. Furthermore, Arctic-COLORS will
build upon historical data collected mostly in coastal to offshore Arctic waters that will be integrated
during its first phase and synthesized to inform its later field activity phases. Understanding and predicting
change in the Arctic during Arctic-COLORS will also respond to the National Research Council’s
recommendation to link the terrestrial and ocean ecosystems of the Arctic (NRC, 2015). Furthermore,
Arctic-COLORS will provide a critically detailed and accessible knowledge base for future research on
nearshore ecosystem services, impacts assessment, emergency management, decision support, and socialenvironmental systems in the Arctic. It is critical to note that the Arctic-COLORS science objectives can
only be achieved by using NASA’s unique multi-platform, remote-sensing data assets and
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multidisciplinary data assimilation and modeling tools, as applied to this challenging to monitor—by
using field measurements alone—environment.

1.1. Why the Coastal Arctic?
Historically, Arctic climate has alternated between cold and warm conditions, including a cooling trend of
several degrees Celsius from 400–100 years before present (Jennings et al., 2002; McGuire et al., 2006).
Such climatic trends have shaped the physiography, ecology, and human cultures in the Arctic. Yet, since
the middle of the 20th century, the Arctic has experienced warming not observed since the early Holocene–
warming that exceeds trends observed at lower latitudes. The importance of ice, snow, and permafrost to
the Arctic environment and its human residents means that the local amplification of global warming will
change the region and re-shape ways of life. A warming Arctic may simultaneously result in new
opportunities for mineral exploration, tourism, and shipping as well as changes in traditional activities, all
of which could cause further feedbacks, including significant impacts on global climate. These alterations
include changes in carbon inventories (e.g., changes in sequestration and release of CO2 and CH4 stocks),
as well as changes in global albedo, the hydrological cycle, and thermohaline circulation.
Although Arctic marine and terrestrial ecosystems have been the focus of much recent climate change
research, estimates of the biogeochemical processes, interactions and exchanges across the Arctic
land-ice-ocean interface are still poorly constrained. Detailed studies have examined specific aspects of
individual northern, high-latitude rivers including the Yukon (Dornblaser and Striegl, 2007; Spencer et al.,
2008, 2009) and Mackenzie (e.g., Emmerton et al., 2008a; Emmerton et al., 2008b), yet only a few studies
have examined how these riverine fluxes directly impact the Arctic coastal zone on regional scales (e.g.,
Dittmar and Kattner, 2003; Overeem and Syvitski, 2008). Such studies have been hampered by a number
of factors, including inconsistent sampling and analytical methods across sites, poor coverage at low
salinities, and lack of sufficient seasonal coverage (e.g., Holmes et al., 2012 and references therein). The
lack of consistent sampling across coastal systems in the Arctic hinders efforts to scale up fluxes and
processes and develop improved mechanistic models for the Arctic coastal ocean. The coastline in many
Arctic regions is receding at an unprecedented rate due to coastal erosion, mobilizing large quantities of
sediments and carbon. Co-occurring permafrost thawing induces a thermokarst landscape that is
contributing to the acceleration of coastal erosion. The impacts on coastal ecosystems from river deltas, to
estuaries, to the coastal sea, remain unknown. Clearly, a field program such as Arctic-COLORS is
needed to provide a predictive understanding of the interactions and impacts of ice-modulated
terrigenous, hydrological, and oceanic fluxes on Arctic nearshore biogeochemistry. ArcticCOLORS is a multidisciplinary, collaborative effort that aims to bring together observational,
modeling, and remote-sensing investigators who cover a wide range of expertise and have experience
working across a range of coastal environments (from lower latitude coastlines to polar regions) to
address critical questions in the rapidly changing Arctic coastal ocean.

1.2 Why NASA?
Field observations in the Arctic coastal zone are hampered by the vastness and remoteness of the region,
the polar night, sea ice, and often-difficult weather conditions. Short-term research funding makes it
challenging if not impossible to distinguish between inter-annual variability and true climate change
phenomena. In many areas, economic hardship, high costs, and changing political priorities have resulted
in a reduction in field monitoring and river gauging stations. However, the advent of satellite remotesensing and the development of in-water and airborne autonomous vehicles have improved weather
prediction, measurements of land change, snow cover, and sea ice extent. Modeling tools have also
improved, with several fully coupled models focusing on the Arctic region. Understanding the Arctic
requires multidisciplinary–terrestrial, oceanic, atmospheric, and now cryospheric–efforts that combine
long-term observations, field campaigns with process studies, laboratory work, and modeling. Given the
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logistical complexities of sampling in the coastal Arctic (e.g., shallow waters, snow and ice cover, absence
of terrestrial road network), satellite and suborbital passive and active remote-sensing, and coupled models
are obligatory tools to understand, respond, and adapt to arctic environmental changes. Thus, ArcticCOLORS will address these inherent challenges by 1) deriving new spatial-temporal data products from
NASA's remotely-sensed measurements to extend observations to broader spatial and longer temporal
scales, and 2) integrating satellite and field observations with improved coupled physical-biogeochemical
models. The former is particularly critical, as hindcasting using NASA remote-sensing data allows climate
change trends to rise above the noise of inter-annual variability. The overall combination of competencies
is a familiar strength for large, comprehensive NASA field campaigns and studies in support of satellitebased Earth System research.
In situ measurements collected during Arctic-COLORS will provide a comprehensive dataset for
improving the predictive capabilities of numerical ecosystem models, and evaluating and improving
NASA’s satellite ocean color retrievals in the complex, coastal Arctic region. This combination of new
models and observations will in turn enable the development of new applications for existing sensors and
provide the robust dataset required to develop applications and potentially validation for the next
generation of NASA ocean color sensors. Data analyses using information from multiple complementary
satellite instruments that measure atmosphere, land, ocean, and sea ice parameters (e.g., OMI, OMPS,
SeaWiFS, MODIS, VIIRS, Landsat sensors, MERIS, OLCI, SGLI, ASTER, Aquarius, ICESat2 [all
acronyms are defined in Appendix §8.4]) are critical components that are needed to better understand the
coastal Arctic as an integrated land-ice-ocean system. Several of these sensors have sun-synchronous
orbits and wide swaths, providing multiple observations per day over the Arctic. The rather wide swaths
and thus moderate spatial resolution that such sensors sample will require the use of sub-orbital, airborne
sensors with higher spatial resolution to quantify spatial homogeneity of data from moderate sensors and to
enable observations closer to shore and within narrower water bodies. In situ Arctic-COLORS data will
also be used for developing new bio-optical algorithms and data analysis methodologies tailored to coastal
Arctic applications that overcome challenges of legacy algorithms (e.g., atmospheric correction,
chlorophyll-a, pigment packaging, bright target adjacency effects due to the presence of sea ice; see section
§4.5) and in preparation for products that will be available from upcoming NASA missions (e.g.,
hyperspectral radiometry including UV capability, SWIR bands). Because the proposed timeline for
Arctic-COLORS (2020-2030) will overlap with NASA’s PACE ocean color mission, the proposed field
observations will be particularly useful to PACE validation efforts, enhancing remote-sensing capabilities
in one of the most sensitive regions to Climate Change (see section §4.5), and benefitting the up-scaling
requirements of Arctic-COLORS.
Recent and current NASA field campaigns in the Arctic (Ice Bridge, ICESCAPE, and ABoVE) were/are
focused on ice fields, the Pacific-influenced Arctic ocean ecosystem, and North American boreal forests,
respectively. However, Arctic warming is also causing changes to fast ice, permafrost, and hydrology in
coastal systems, with significant impact to all drivers of coastal biogeochemistry. These shifts include
changes in the timing and fluxes of riverine carbon/nutrients/heat/buoyancy and the timing and extent of
sea ice formation and retreat, both of which will lead to changes in the timing and extent of microalgal
blooms and coastal food web dynamics. The importance of quantifying, in a timely fashion, how
environmental and climate change are affecting the Arctic coastal ecosystem cannot be overstated.
This focus on land-ice-ocean interactions and the coastal zone is a unique contribution of ArcticCOLORS compared to other NASA field campaigns in polar regions. A field campaign such as
Arctic-COLORS—that adequately captures the response of the Arctic nearshore ecosystem to this
change across a range of contiguous terrestrial and aquatic environments—will take advantage of
NASA’s research leadership, strength, and assets.
In addition, NASA has played, and must continue to play, a leading role in social-environmental systems
research via the application of fundamental Earth system science understanding and data. In the remote,
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riverine-influenced Arctic, climate change is resulting in negative impacts to coastal communities with
subsistence economies, through fisheries degradation, ecosystem reorganization, and loss of habitat.
Permafrost thaw and sea ice retreat exacerbate already high rates of coastline collapse, which threatens
lives and infrastructure. At the same time, potentially positive changes include greater access for natural
resources exploration, extended seasons for marine transportation, and stimulation of riverine and marine
food webs. Arctic-COLORS offers a unique opportunity for NASA to dovetail with oil spill research,
which has a direct application for emergency response within the Arctic, and collaborate with the
Interagency Coordinating Committee on Oil Pollution Research. While local communities may be forced
to adjust or move as subsistence harvesting of local food resources is negatively impacted, increased
human immigration to the Arctic may still be the net outcome. The impacts of these interacting processes
on the land/river/ice/ocean biogeochemical interface (e.g., pollution, storm damage) and the human
activities it supports are not yet known. NASA can contribute to these important questions by enhancing
fundamental understanding of natural systems and providing expert data and knowledge support to socialenvironmental research programs.

1.3 Why Now?
Recent changes in the Arctic are unambiguous. Significant recorded changes now include: reduced sea ice
extent and thickness (e.g., Barber et al., 2009; Stroeve et al., 2012; Overland and Wang, 2013; Lindsay and
Schweiger, 2015); permafrost thaw (e.g., Frey and McClelland, 2009; Walvoord and Striegl, 2007);
changes in hydrology (Rawlins et al., 2010, Parmentier et al., 2013) and ice breakup dynamics (Hutchings
and Rigor, 2012; Nghiem et al., 2014); rise in water and air temperatures (Steele et al., 2008; Kay et al.,
2008); changes in aquatic chemistry, such as pH, calcium carbonate saturation states; salinity; nutrients
(Bates et al., 2006; Yamamoto-Kawai et al., 2011); and changes in ocean freshwater inflow (Woodgate et
al., 2006; Proshutinsky et al., 2009; Steiner et al., 2015). Because of significant increases in Arctic river
discharge in the past century, as well as in future projections (e.g., Peterson et al., 2002; Overeem and
Syvitski, 2010), Arctic coastal ecosystems are among those most likely to experience an amplification of
global change (e.g., Serreze et al., 2009). Hence, a comprehensive coastal—especially nearshore—study is
of highest priority. Delays in establishing a comprehensive record of current conditions will hamper future
assessments of Arctic climate change impacts, as well as any pro-active strategies for mitigation. ArcticCOLORS will study processes across a variety of spatial (local to regional to system-wide) and
temporal scales (diurnal to seasonal to interannual and interdecadal). Although observations
collected during the Arctic-COLORS field campaign cannot be used in isolation to assess inter-decadal
Arctic change, these new observations will be able to provide insight into past and future inter-decadal
changes in the Arctic when used together with long-term satellite remote-sensing records and model
simulations. Specifically, the long-term satellite record will allow for retrospective analyses, and newly
developed high resolution, coupled models will generate past century simulations, thus enabling the
separation of inter-annual variability from longer term trends.
Mitigation and adaptation to a warming Arctic requires new local, national, and international policies and
significant resources. Policymakers and stakeholders need 1) more comprehensive data records from
improved observational tools with accurate visualizations, and 2) a more quantitative understanding of
how environmental (short-term) and climate (long-term) changes affect present and future physical,
chemical and ecological conditions in the coastal Arctic. It will take years to develop this new
observational infrastructure to improve our understanding of current and future Arctic processes and to
develop and implement new policies.
As an example, Arctic-COLORS is well timed and suited for providing an estimate of current conditions
that will be critical for oil spill preparedness activities in the Chukchi Sea, Beaufort Sea, and other coastal
Arctic waters. By integrating enhanced remote-sensing algorithms, including atmospheric corrections,
with new field observations and improved modeling tools, the Arctic-COLORS campaign has significant
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implications for improving oil spill emergency response in Arctic coastal waters. Undoubtedly, there is a
strong urgency to increase national and international scientific efforts in the coastal Arctic. This urgency
was recognized in the development of the National Strategy for the Arctic Region, as directed by the White
House, which includes pursuing “our national interests in safety, security, and environmental protection”
and calls for national and international response to Arctic warming. Arctic-COLORS is a particularly
opportune response to this need. Free and timely access to data and associated project reports will be a
hallmark of the selected Arctic-COLORS teams.
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As a coastal field-campaign, Arctic-COLORS will build off of two previous NASA field campaigns
focused on the offshore Arctic Ocean environment (ICESCAPE and Ice Bridge), but even more
significantly, it will benefit from the logistics and field preparedness of NASA's ongoing ABoVE field
campaign that focuses on Arctic terrestrial ecosystems (Kasischke et al., 2012). With a start date of 2015
and a duration of 9 to 10 years, ABoVE is focusing not only on key processes associated with changes to
the land surface, but also on processes in major Arctic river basins (Yukon and Mackenzie Rivers). The
ABoVE effort includes a Hydrology and Permafrost Working Group that is not focused on estuarine and
oceanic processes per se, but rather on the terrestrial ecological and hydrological processes that influence
coastal ocean processes—particularly river chemistry and export (Kasischke et al., 2012). This presents a
unique opportunity for building upon deployed resources that will increase the science return and increase
efficiencies. Arctic-COLORS will strongly benefit from well-practiced Arctic logistics support at NASA,
which provides a much-needed linkage between previous NASA field activities studying the offshore
Arctic Ocean and ongoing field activities measuring Arctic river processes, chemistry, and fluxes.
Furthermore, possible collaborations
with, for example (see section §5.4),
the continuing USGS National Water
Information System, NOAA’s Arctic
Chukchi
Research Program, the CanadianSea
funded POLAR field campaigns and
Sentinel North project as well as the
Bering
Beaufort
new NSF LTER Beaufort Lagoon
Sea
Sea
Ecosystem site, have been identified
and could contribute ship-time,
instrumentation, data, and other
resources for NASA scientists; thus,
increasing the impact of ArcticMackenzie
Alaska
Delta
COLORS efforts (see sections §5.4 and
8.5). This is particularly relevant to the
objectives of several NASA programs
(e.g., the Applied Science or the
Interdisciplinary Science programs)
Yukon Territory
Northwest Territories and would provide an opportunity to
coordinate activities with future
Federal and state (and regional and
private) programs addressing climate
Pacific
change and the human dimension in the
British Columbia
Ocean
Arctic.
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Figure 2.1. A map showing the Arctic-COLORS study domain (pink shading)
located along the continental margin of North America.
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2.0| Engaging the Broader Research Community
Successfully addressing the Arctic-COLORS science objectives will require a highly interdisciplinary
approach, including investigators specializing in in situ observations, model simulations, and remotesensing data. While some investigators will have extensive experience in the Arctic region, it is likely that
other investigators will bring their lower-latitude expertise in land-ocean interactions to bear on the ArcticCOLORS science questions. The proposed field campaign will also require internationally coordinated
observations from various platforms (e.g., satellites, aircrafts, over-the-snow/all-terrain vehicles, small
boats, larger vessels, ground-based monitoring networks) across a range of temporal and spatial scales, as
well as coordinated engagement of regional authorities and local communities. Reflecting these needs, this
Arctic-COLORS science plan is the result of a collective effort by members of a broader science
community who have been actively engaged in a series of research planning activities and have
contributed to different stages of the proposed planning and design for this integrative, interdisciplinary
(hydrological, riverine, estuarine, cryospheric, and oceanographic) field campaign in the Arctic coastal
zone. At the same time, consultation with local communities early in the process of developing the ArcticCOLORS program is critical not only for successful implementation of the proposed activities but also for
enhancing the broader impacts and realizing the societal benefits of the Arctic-COLORS scientific
discoveries.
A bi-national group of researchers (United States-Canada)—many from local research and academic
institutions in the study region that are well-connected to the local communities—identified high priority
science questions related to land-ice-ocean interactions in the Arctic that underpin the planned integrative,
interdisciplinary field campaign for Arctic-COLORS. This team of collaborators included individuals with
extensive experience in Arctic field research and modeling who provided expertise across a wide range of
disciplines. These experts included specialists in ocean optics, remote sensing of biological and
biogeochemical processes, freshwater and marine biology and biogeochemistry, wetland biogeochemistry,
aquatic ecology, terrestrial ecology, river plume dynamics, physical oceanography and Arctic circulation,
sea ice dynamics, land-ocean-atmosphere interactions, Arctic air-sea and sea-ice exchanges, Arctic
hydrology and meteorology, climate and climate change in the Arctic, coupled physical-biogeochemical
modeling, and data assimilation. Two workshops defined the overarching science questions of ArcticCOLORS, determined the study domain and research phases for the field campaign, and identified
requirements for a successful implementation plan. Early engagement of scientists from POLAR and
members of the Science Definition Team for NASA's ABoVE project facilitated an exploration of
opportunities to coordinate field activities in the Arctic region. The workshops also discussed the ArcticCOLORS study-domain extent (Figure 2.1) and the processes linking Arctic ecosystems along the landice-ocean continuum. The broader research community was also engaged in Arctic-COLORS planning at
a number of scientific conferences and programmatic meetings where presentations were made. Town Hall
meetings were conducted, and special Break-Out Sessions were convened (see section §8.3) as well. In
addition, an open community workshop was held in coordination with the Ocean Carbon Biogeochemistry
2016 summer meeting to further refine the science questions, study domain, and corresponding
measurement priorities that were originally submitted to NASA for peer-review. Participation of members
from both the research and applications communities in these outreach activities allowed the team to gain
feedback from the broader international research community, further refine the project's overarching
science questions for comprehensive coverage, balance among disciplines, and provide for a definition of
the Arctic-COLORS spatio-temporal domain.
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3.0| Overarching Objective and Science Questions of Arctic-COLORS
The overall objective of the proposed field campaign is to quantify the coupled biogeochemical/
ecological response of the Arctic nearshore system to rapidly changing terrestrial fluxes and ice
conditions.
Inherent in all aspects of this work will be the utilization of remote-sensing assets (ground-based,
shipborne, airborne, and space-borne). Developing models—evaluated with these remote-sensing assets—
will be critical for establishing a fundamental knowledge base for current and past conditions, and
evaluating climate-related impacts on availability and use of ecosystem services. The field campaign will
require a systems approach that includes the study of feedbacks and linkages. A comprehensive suite of
biogeochemical and optical observations from land, air and ship will be required. Observations and
models will be used to identify and understand the mechanisms and relationships between drivers and
ecosystem processes, and predict which mechanisms are more susceptible to environmental change.
Models and remote sensing data will be used in hindcasting mode to distinguish between climate change
trends and inter-annual variability.
Given the variety and complexity of the Arctic coastal system, a broad range of coastal environments must
be included in order to capture the relevant biogeochemical processes and fluxes to the coastal zone, as
defined earlier (Figure 3.1). A central premise of this field campaign is that rivers form a primary conduit
for transferring terrestrial materials to the coastal ocean and that these materials exert a strong influence on
marine ecosystems and carbon processing. Indeed, ~80% of all Arctic freshwater inflow comes from the
large rivers that enter the area termed “interior shelves.” Although there are some similarities in the major
Arctic rivers, such as highly seasonal discharge and strong dissolved organic carbon signals (Holmes et al.,
2012; Lobbes et al., 2000; Dittmar and Kattner, 2003), variability across systems hampers the scaling of
single river systems to the broader pan-Arctic (e.g. Hernes et al., 2014). As such, we propose to
characterize the impacts of different river systems (characterized by both selected large and smaller river
flows) across the North American Arctic coast, between the Yukon and Mackenzie rivers. This strategy
allows for a comparison between two major watersheds that primarily drain sub-Arctic boreal forests
(Mackenzie River and upper Yukon River) and selected smaller, but regionally influential, Arctic rivers
that primarily drain Arctic tundra. The breadth of the study region also enables an assessment of diffusive
groundwater exchanges along the shore and coastal erosion that is particularly prevalent along the northern
shore of Alaska. A modular structure to our implementation plan is discussed in section §4.2, that includes
TIER-1 (high priority) and TIER-2 (medium priority) intensive study sites across this coastal domain, as
well as synoptic surveys for assessing variability across coastal ecosystems in the Arctic.
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Figure 3.1. Arctic-COLORS coastal dynamics linking the three overarching science questions. Processes represented by
arrows as well as those labeled (permafrost dynamics, coastal erosion, landfast ice, etc.) will be examined at the
interface of river estuaries and deltas with the coastal ocean. Larger and thicker arrows and text represent the
higher priority processes and biogeochemical state variables that will be the focus of Arctic-COLORS.

The concept of change is intrinsic to Arctic-COLORS science, both at environmental (short-term) and
climate (long-term) scales, as well as local and regional spatial scales. Seasonal and inter-annual
observations will be upscaled using model simulations to estimate how transformation processes may
change in response to future conditions.
The science in our field campaign will focus on three overarching questions. Although the responses to
these questions are complex and intertwined, the questions themselves can be simply stated as:

1. What are the effects of land on nearshore Arctic biogeochemistry?
2. What are the effects of ice on nearshore Arctic biogeochemistry?
3. What will be the effects of future change (warming land and
melting ice) on nearshore Arctic biogeochemistry?
In the sections below, these questions are expanded upon, and specific hypotheses and research activities
are tied back to these three overarching science questions.
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3.1.

Science Question #1:

What are the effects of land on nearshore Arctic biogeochemistry?
Delivery of riverine materials to the Arctic coastal zone has historically been assessed by sampling rivers
above the influence of tides with the implied assumption of conservative transport through estuaries,
deltas, and plume waters out to the coastal ocean. Arctic warming has now created a new direct flux of
terrestrial materials to the nearshore environment in the form of coastal erosion. Permafrost thaw will
undoubtedly increase loading of organic carbon and other constituents to the coastal zone through both
coastal erosion and increased riverine fluxes. Complex ecosystems at the land-ice-ocean interface are
highly reactive zones of biogeochemical exchanges and transformations, hence there is an inherent need to
quantify the many ways in which terrigenous and marine materials are transformed across strong gradients
at the Arctic land-ice-ocean interface.
Once delivered to the Arctic coastal zone—after being modified during transport through strong
gradients—sediment, organic matter, and nutrients have clear impacts on primary production, in addition
to less well-quantified effects on microbial-to-fish and microbial-to-benthos foodweb dynamics. All
constituents delivered to the coastal zone contribute to a unique physicochemical environment that will
determine relative abundance and diversity of biological species. The endgame to this question is to obtain
a quantitative, mechanistic understanding of these processes and their impacts on coastal biogeochemistry
and related ecology.
Specific questions Arctic-COLORS will address include:
1.1 How do freshwater, carbon, nutrient, and sediment fluxes to the coastal zone change as a result of
changing riverine and groundwater inputs, passage through estuaries and gradients, and coastal
erosion and thawing permafrost?
1.2 How do these changing fluxes affect nearshore Arctic biogeochemical and ecological processes?
1.3 How has the relative magnitude of inputs from rivers and coastal erosion changed across the
nearshore Arctic seasonally and interannually?

3.1.1. Transformation across gradients and through deltas
The Arctic Ocean is heavily influenced by inputs of terrestrial material via river discharge and erosion of
coastlines, more so than in other oceans (e.g., Holmes et al., 2012). However, our understanding of how
geomorphological, physical, photochemical, and biogeochemical processes in nearshore estuarine
environments (e.g., deltas, lagoons, and plume waters) modify terrestrial inputs is still very limited; this is
because there are multiple processes occurring within these geographical features that have the potential to
significantly transform materials transported to offshore waters. We incorporate the concept of
“transformation zones” in Arctic-COLORS, with the objective of identifying the most significant areas and
processes involved in altering material fluxes in Arctic nearshore regions. The functioning of
transformation zones will change seasonally as a result of variations in physical factors, such as
temperature, solar radiation, river discharge, and the distribution of sea ice. Transformation zone function
also varies across the study region, following differences in catchment characteristics of rivers (e.g., size,
vegetation types, permafrost coverage, and precipitation patterns), the presence and size of river-mouth
deltas, and the morphology of the coastal zone into which terrestrial materials are released. As a result, the
functioning of transformation zones must be quantified across seasons, and at multiple study locations.
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In large river systems, deltas enable significant off-channel water storage and processing prior to discharge
to the ocean (Lesack and Marsh, 2010). These deltaic systems flood during the spring high-water period
(freshet), and then discharge water from distributary channels and connected lakes as water levels fall.
The few published studies examining the effects of off-channel storage in Arctic deltas indicate significant
particle deposition as water slows and is stored off-channel for the Mackenzie River delta (Carson et al.,
1999), unlike what may happen, for example, in the Colville River (Walker et al., 2003; Schreiner et al.,
2013). Off-channel storage also renders riverine materials susceptible to biological and photochemical
processing as waters warm and become less turbulent, thus allowing sediments to fall out of suspension
(e.g., Droppo et al., 1998; Febria et al., 2006; Tank et al., 2011). Such processes may lead to a decrease in
the concentration of inorganic nutrients concurrent with increases in organics (Emmerton et al., 2008a;
Emmerton et al., 2008b). However, much of what we know about in-delta processes in the North
American Arctic comes from the Mackenzie River system (Doxaran et al., 2015; Emmerton et al., 2007;
Graydon et al., 2009; Lesack et al., 2014; Marsh and Hey, 1989), which differs significantly from other
river-mouth deltas in this region. For example, the Colville delta is much smaller in size, and the
geomorphology of the Yukon River delta differs considerably, due to its relatively young age and the
shallow Norton Sound into which it flows (Walker, 1998). Although there are numerous biogeochemical
studies of the Yukon River above the tidal influence, these same studies rarely extend below
approximately 200 km out to the river-mouth/delta, and therefore, little is known how Yukon River
constituents might be altered during passage through the delta. How the various deltas in the study region
behave relative to each other, how deltas vary in their function as transformation zones towards the coastal
ocean across years, and how complex physical, photochemical and biogeochemical processes (and their
interplay) affect the overall flux and quality of dissolved and particulate materials to the coastal ocean
remains largely unknown (Q1.1).
Beyond river-mouth estuaries/deltas, there are long stretches of coastline in the Arctic that may
additionally function as focal areas for processing land-derived materials. For example, lagoon
ecosystems that are prominent along the Alaskan Beaufort Sea coast receive substantial terrestrial inputs
from runoff and coastal erosion each year. Water exchange between lagoon and open ocean environments
varies as a function of seasonal sea ice dynamics and the geomorphology of barrier islands, but in general
lagoons facilitate processing of terrestrial materials by trapping particulate material and increasing water
residence and biogeochemical processing times. Previous studies have noted that productivity of lagoon
ecosystems along the Alaskan Beaufort Sea coast is relatively high in comparison to productivity outside
the barrier islands, and that the diets of consumers in these lagoons include substantial contributions from
terrestrial organic matter sources (Dunton et al., 2006, 2012). In addition, processes that also occur within
smaller estuarine plume waters—such as flocculation and the enhanced processing of organic matter where
terrestrial and oceanic materials meet—can be expected to augment biogeochemical transformations in
nearshore coastal regions (Bianchi, 2011; Fox, 1983; Sholkovitz et al., 1978). A recently proposed
hypothesis suggests that all terrestrial freshwater runoff into the North American Arctic forms a narrow
(<15 km) “contiguous riverine coastal domain” (RCD) that flows clockwise along the coast (Carmack et
al., 2015). In essence, the RCD would have characteristics of a highest order river that integrates all the
lower order rivers or water sources that flow into it. Entrainment and mixing of freshwaters into the RCD
would likely have a profound impact on the transformation of terrigenous materials (Q1.1).
Finally, submarine groundwater discharge (SGD) to coastal arctic waters is currently unknown, but
recognized as a significant source of freshwater and dissolved terrigenous material world-wide (Moore,
2010). Outside of the Arctic, the composition of SGD differs from that predicted by simple mixing
because biogeochemical reactions in the aquifer modify its chemistry.
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3.1.2. Nearshore Arctic biogeochemistry and ecology
Ten percent of the Earth’s flowing fresh water discharges into the Arctic (Aagard and Carmack, 1989),
causing a salinity gradient in coastal waters ranging from ~0 salinity at the river mouths to higher salinities
(32-33) found in the Canada Basin. The Yukon and Mackenzie rivers contribute 8% and 12% of the total
river discharge that reaches the Arctic Ocean (Aagaard and Carmack, 1989). River sediment plumes,
clearly visible in satellite ocean color (e.g., Carmack et al. 2015; Fichot et al., 2013) and L-band salinity
data (Garcia-Eidell, 2017) can have spatial extents > 105 km2. Salinity serves as a tracer for several other
biogeochemical properties—terrestrial organic material and inorganic nutrients are arguably the most
important—that vary substantially in estuaries and that are well-known to impact organisms in low-latitude
coastal systems. In particular, the species composition of heterotrophic and autotrophic microbial
communities is known to vary substantially and systematically in low-latitude estuaries because of changes
in salinity and other co-varying biogeochemical properties (Herlemann et al., 2011; Pan et al., 2011).
Analogous variation in Arctic coastal microbial communities has also been observed in the Mackenzie
River-Shelf system (Boeuf et al., 2014). Because remote sensing has the capability to capture bio-geochemical1 stocks (separate from suspended sediments) and processes associated with salinity variability at
unprecedented spatial and temporal scales, Arctic-COLORS will contribute significantly to our
understanding of these issues at multiple locations and seasons (Q1.2).
The connection between salinity gradients (as a proxy for biogeochemical processes) and ecosystem
functioning is not as well understood, even in low-latitude estuaries. Phytoplankton cell size is known to
vary with nutrient concentrations, and has quantifiable impacts on the structure of food webs in coastal
systems—everything else being equal, smaller cells at the base of food chains eventually lead to less
production at higher trophic levels, including marine mammals and fish. Low nutrient concentrations
select for small phytoplankton, but whether this results from physiological or ecological changes is less
clear. Previous work has demonstrated a decrease in algal cell size in the nutrient-poor Canada Basin
during the period of 2004–2008 (Li et al., 2009). The decrease was correlated with a freshening of surface
waters, suggesting that greater buoyant stability led to a decrease in mixing and lower nutrient inputs into
these Arctic surface waters. Given that nutrients are likely to remain low in coastal waters, such changes
may also occur in the coastal zone where Arctic-COLORS will focus. The input of terrestrial organic
material also impacts biological communities in Arctic coastal waters. In addition, dissolved and
particulate organic carbon (DOC and POC, respectively), released by thawing soils and carried by rivers
and groundwater, may be sufficiently labile for use by microbial communities in Arctic coastal waters
(Raymond et al., 2007; Shen et al., 2012; Vonk et al., 2013), though such terrestrial DOC may not reach
the coastal zone (Spencer et al., 2015). A recent modeling exercise suggests that riverine dissolved
organic nitrogen may increase Arctic Ocean bacterioplankton production by 26 percent and primary
production by 8 percent (Le Fouest et al., 2015). Heterotrophic dinitrogen fixation in the Arctic has
recently been reported (Blais et al., 2012; Diez et al., 2012) at rates comparable to other pelagic
environments, which represents a source of “new” nitrogen. The importance of such detritus-based food
webs versus food webs based on phytoplankton primary production or new sources of nutrients, for
example, is unclear; a shift toward heterotrophic/ mixotrophic-based food chains could increase the rates
of biogeochemical conversion in the near future, as warming of Arctic soils and coastal waters continues
(Q1.2).
Comparisons between Arctic and low-latitude estuaries breakdown when seasonality is considered. Unlike
low-latitude systems, export of organic carbon and inorganic nutrients is discontinuous over a few weeks
to months. River discharge increases dramatically in late boreal spring as river ice melts. Shifts in the
timing of river discharge in the spring would have large effects on the export of terrigenous material to the
1

dashes to emphasize the linked nature of biogeochemistry
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Arctic coastal zone. It is known that the largest impact of terrigenous material on ecosystem function
occurs predominantly on interior shelves (e.g., Beaufort Sea), as opposed to inflow (e.g., Chukchi Sea) and
outflow (e.g., Canadian Archipelago) regions (Carmack and Wassmann, 2006). Thus, such shifts will
likely affect the timing of stratification and subsequent phytoplankton blooms and microbial communities
present in these waters (Hinzman et al., 2005). In turn, this could affect the growth and reproductive
success of secondary producers through its effect on the relative timing of energy availability during early
life stages (Cushing, 1969; Durant et al., 2007). The long-term stability of such food webs may in part
depend on the ability of upper trophic level consumers to incorporate energy from multiple sources
(McMeans et al., 2013). Indeed, isotopic data from amphidromous fish along the Alaskan Beaufort Sea
coast suggest that up to half of their total dietary requirements could come from terrestrial sources (Dunton
et al., 2006) (Q1.2).
Beyond the obvious consequences of changing terrestrial inputs to the physicochemical environment in the
coastal domain (e.g., increased light attenuation), terrestrial organic matter itself has the potential to
change the base of the Arctic food web in coastal zone habitats by changing the dynamics between
heterotrophic and autotrophic production (Le Fouest et al., 2015). For example, terrestrial dissolved
organic matter is carbon (C) rich but nitrogen (N) poor with average annual C:N molar ratios of 30 and 45
for the Yukon and Mackenzie rivers, respectively (Holmes et al., 2008, 2012). Since these C:N ratios far
exceed the Redfield ratio, additional N is required for bacteria to use the bioavailable C fraction, reducing
the amount of nutrients available for phytoplankton growth (Tank et al., 2012b). Similarly, increased
nitrate export (e.g., McClelland et al., 2007) and decreased DOC export (e.g., Striegl et al., 2005; Vonk et
al., 2015) from Alaskan rivers and thawing permafrost (Q1.1) could lead to a shift in the balance between
autotrophy and heterotrophy in the receiving estuaries and modify biogeochemical fluxes to offshore
waters (Q1.2). This could ultimately lead to longer, less efficient energy transfer pathways to higher
trophic levels. Changes in heterotrophic respiration, coupled with changes in the dissolved inorganic
carbon and alkalinity flux, is also expected to affect aragonite saturation in the coastal Arctic Ocean (e.g.,
Tank et al., 2012c) with resultant biological and biogeochemical consequences (e.g., Steinacher et al.,
2009). Furthermore, Arctic-COLORS can address how the transfer of terrigenous material through a
Riverine Contiguous Domain would contribute to coastal Arctic food webs, biodiversity, and productivity.
A significant impediment to predicting the ecosystem response to the climate-associated changes occurring
in the Arctic coastal zone is a lack of quantitative information on the inter-related role of microorganisms
and nutrient inputs and cycling in the system. Microorganisms dominate biological biomass, production,
and remineralization in marine systems, while large organisms and upper trophic levels primarily respond
to, rather than set, the level of productivity. Microorganisms are also the major producers and consumers
of CO2 and other greenhouse gases. Our knowledge about the functioning of the Arctic coastal marine
food web is limited, especially for lower trophic levels (i.e., microbial systems; Dyda et al., 2009;
Kirchman et al., 2009a; Sherr et al., 2009), though a complete evaluation in late summer over the
Mackenzie/Beaufort coastal zone was recently completed (Forest et al., 2014). This scarcity of
information, especially across seasons, is particularly problematic given that the accelerating changes
underway in the Arctic are expected to affect the three primary parameters that control microbial
production—temperature, nutrients, and light (Walsh et al., 2005; Grebmeier et al., 2009; Kirchman et al.,
2009b)—all of which are directly impacted by inputs of terrestrial material to the coastal ocean and
partially by atmospheric cloud cover (Bélanger et al., 2013).
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3.1.3. Permafrost thaw and its impacts on riverine fluxes and coastal erosion
Permafrost thaw alters the movement of water through Arctic landscapes, modifying the export of water,
carbon, and associated constituents to coastal margins. Frozen ground and large soil-based organic carbon
stores are common throughout the pan-Arctic terrestrial system. Long-term, thawing permafrost is
expected to impact coastal biogeochemistry and associated ecology by altering carbon and nutrient
loadings to river and groundwater systems as well as through coastal erosion, impacting land-sea and
coastal air-sea fluxes (Vonk et al., 2015) (Q1.1). Currently, thawing permafrost has the potential to
influence the quantity and timing of freshwater export from watersheds to the ocean. Discharge quantity
may be altered by direct contributions (i.e., melting of ice in permafrost), while increased availability of
subterranean flow pathways—as the active layer deepens—will alter discharge timing and, potentially,
reduce evaporation. The most profound impact is hypothesized to be a reduction in peak discharge and
temporal lengthening of the spring freshet, which will have substantial impacts in the ability of rivers to
carry constituents to the ocean, ultimately affecting estuarine stratification. The extent to which altered
river discharge and timing can be captured in projections of future system changes is dependent on
improved understanding of the relationships between various aspects of hydrologic cycling, rates and
heterogeneity of permafrost thaw, vegetation cover and change, and the ability to anticipate non-linear
responses over time (Haine et al., 2015; Tape et al., 2011) (Q1.3). Simulations suggest that permafrost
thaw is already contributing to increased winter baseflow and mean annual streamflow (St. Jacques and
Sauchyn, 2009).
The multi-year thawing of permafrost not only impacts the timing and overall quantity of fresh water
delivered from the land to the coastal ocean, it also impacts the chemical composition of this water (Q1.3).
Much emphasis is placed today on the role of Arctic soils as a potential net source of CO2 and CH4 over
the coming century (Schuur et al., 2008; 2015). The changes in chemical composition are largely
associated with changes in water flow paths through soils as the active layer deepens (Frey and
McClelland, 2009). Such water chemistry changes depend on the composition of the contacted soils, and
the travel times through soils, which tend to increase as flow paths deepen. Shifting flow paths from
organic to mineral soil layers increases the concentrations of some waterborne constituents, such as nitrate
and weathering-derived ions (Ca++, Mg++, Na+), and decreases the concentration of others, such as
dissolved organic carbon (DOC) (MacLean et al., 1999). Similarly, catchments with lower permafrost
extents may result in greater bicarbonate export (Tank et al., 2012a).
Permafrost thaw may also result in increased DOC concentrations when deepening flow paths pass through
organic-rich peat deposits (Frey and Smith, 2005). Alternatively, if thawing and subsequent erosion
continue to increase, they may result in a higher release of particulate organic carbon (POC) from the
permafrost to rivers and further into the coastal zone. A significant fraction of this POC may escape
degradation during river transport (e.g., Mackenzie) and be buried in marine sediments, where it has been
reported to contribute to a longer-term, geological CO2 sink (Hilton et al., 2015). Increased water travel
times associated with deeper flow paths are likely to enhance microbial processing of DOC on one hand,
while allowing POC to escape microbial processing on the other hand. Indeed, dissolved organic matter
from permafrost has been shown to be highly labile, with 50% degradation in <7 days (Spencer et al.,
2015).
Ultimately, regional differences in how permafrost thaw impacts the chemistry of water flowing from land
into the coastal ocean will depend on the strength of gradients in soil composition and microbial
processing (Q1.2) as water flow paths deepen (Q1.1). Changes in permafrost thawing will also impact the
seasonal phasing of freshwater discharge and associated biogeochemistry by controlling the onset and
cessation of the percolation of ground water through the (frozen or thawed) soil and into the Arctic coastal
zone (Q1.3). There may also be a dependence/difference associated with the size/area of the drainage

21

basin. Larger drainage basins feeding the Mackenzie River extend far to the south and encompass a
variety of vegetation, soil, and bedrock types whereas smaller rivers are typically associated with more
unique, wholly Arctic drainage basins. Larger areas also translate to potentially longer transit times.
Variations in vegetation and soil types within larger drainage basins will also complicate the net effect of
thawing permafrost on geochemical fluxes whereas smaller drainage basins may prove more predictable
due to their simplicity. Permafrost thawing and erosion transcend the goals of Arctic-COLORS in societal
relevance as the potential biogeochemical transformations and release of greenhouse gases through
permafrost thawing, either to Arctic rivers, coastal zone or atmosphere, will have a global impact.
Coastal erosion along the Beaufort Sea has been accelerating (Mars and Houseknecht, 2007; Jones et al.,
2009; Wobus et al., 2011) with increased wave and storm surge exposure of the ice-rich coast to warmer
ocean water (Overeem et al., 2011; Barnhart et al., 2014b) due to longer open water seasons along much of
the coastal zone. Pan-Arctic analysis of satellite-based sea ice concentration specifically along the coast
reveals that the length of the 2012 open-water season, in comparison to 1979, expanded by 1.9- to 3-fold
(i.e., about a 10–30 percent decrease in ice season length) for the western Beaufort and Chukchi Sea
sectors, respectively (Barnhart et al., 2014a), although eastern Beaufort sea ice has remained relatively
unchanged (Steele et al., 2015) (Q1.1). Frey et al. (2015) also found earlier sea ice retreat and later sea ice
formation based on satellite observations, and increased variability in the recent decade of 2000–2012
compared to the 1979–2012 period. Current coastal erosion rates range up to 17–20m/yr in the most icerich exposed Beaufort Sea shoreline (Wobus et al., 2011; Barnhart et al., 2014b), whereas more protected
or less ice-rich coasts have more dampened rates of 1.7m/yr, as a long-term background rate (Gibbs and
Richmond, 2015). Long-term coastal erosion rates along the Chukchi Sea were more modest at 0.3m/yr
over 1940–2000, but have nevertheless been accelerating recently (Gibbs and Richmond, 2015). There is a
high variability in soil properties and bank heights along these large stretches of permafrost shoreline, with
coastal bluffs interspersed with sandy barrier islands protecting lagoons and large bays. Many sites consist
of excess ice in the exposed bluffs and are rich in organic matter (Ping et al., 2011). Thus, coastal erosion
processes release previously sequestered soil organic carbon and freshwater flux from melting interstitial
ice into the shallow nearshore waters. Erosion rates are highest in late July and August, thus releasing
most of the fluxes during a limited time in the summer when terrestrial discharge has largely subsided. It
seems likely that storms during late September and October may also play a role in effectively mixing the
newly introduced solutes, organic carbon, nitrate, and freshwater into the coastal zone, as is typical in subArctic and temperate regions. Sediment and nutrient fluxes introduced from permafrost coastal processes
increase in relevance along those stretches of coasts where riverine input is smaller, in contrast to the
continental-scale estuarine/delta systems (the Mackenzie and Yukon Rivers) where the system may be
dominated by the much larger riverine component (Q1.1).
Characterization of terrestrial fluxes related to permafrost thaw and coastal erosion will clearly benefit
from interaction with the synthesis phase of the ABoVE research program in addressing, e.g., the relative
importance of enhanced riverbank and thermokarst thaw leading to an increased active layer depth. To the
degree that present inputs of inorganic nutrients and organic matter (from rivers as well as coastal erosion)
support net biological production in nearshore estuarine environments, changes in these inputs as a
consequence of permafrost thaw have the potential to alter total production as well as community
composition and food web relationships. Thus, the relative magnitude of these processes must be
evaluated and quantified at multiple spatial and temporal scales in the context of permafrost-driven change
(Q1.1, Q1.3).
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3.2. Science Question #2:
What are the effects of ice on nearshore Arctic biogeochemistry?
As discussed above, changing freshwater, carbon, nutrient and sediment inputs from land substantially
impact nearshore Arctic biogeochemical and ecological processes. Unlike land-ocean interfaces in
temperate and tropical climates, however, the presence and retreat of sea ice in the Arctic acts as an
additional constraint on the relative impact of these fluxes. Arctic-COLORS will assess and quantify the
major ice-related forcings that impact coastal biogeochemistry and associated ecology, and will
specifically address:
2.1. How does flow alteration/channeling by morphological ice conditions impact terrestrial fluxes into,
and attenuation within, the nearshore Arctic?
2.2. How does the coastal snow/ice cover impact nearshore Arctic biogeochemical processes by
controlling rates of mixing and by modulating light availability?
2.3 How does the timing of sea ice formation/retreat, duration of sea ice cover and ablation, snow
accumulation, and the morphology of the coastal ice zone influence nearshore Arctic biogeochemical
and ecological processes?
In the polar environment, sea ice plays a critical role in altering how materials are transformed in the
coastal zone. Sea ice properties impose many controls including: retarding the rates of transport and
mixing within river plumes entering the coastal zone, modulating the availability of UV and visible
radiation, introducing atmospheric materials deposited onto its surface (e.g., black carbon, organic and
trace metal contaminants, sea salt), and dampening the exchange of gases between the atmosphere and
water column. High spatial and temporal variability in Arctic coastal sea ice conditions (Mahoney et al.,
2014; Barnhart et al., 2014a) results in a wide range of impacts on coastal material transformations across
the study area and profound changes in processing rates between seasonal regimes. Long term changes in
sea ice extent and properties are altering the role of ice by changing the synchronicity of seasonal cycling,
reducing the duration of ice-impacted states and weakening the role of sea ice as an atmosphere-ocean
barrier.
Changes in average ice conditions are likely to have a large, quantifiable impact on ecosystem processes in
the Arctic coastal zone and add a sense of urgency to characterizing these impacts now. The most recent
state-of-the-art climate models from the Coupled Model Intercomparison Project, Phase 5 (CMIP5),
predict that the open water duration will be extended from the current 1–2 months to 2–3 months in the
southern Beaufort Sea by the 2030s due to loss of pack ice (Wang and Overland, 2015). Arctic-COLORS
will prioritize changes in the ice-ocean system likely to alter availability of inputs that currently limit
productivity or constituent processing in the coastal environment (e.g., light, nutrients, dissolved gases)
(Q2.1, 2.2). Arctic-COLORS will also take advantage of transitions in the seasonal cycle and spatial
variation across the study domain to assess variability in ice forcing and the sensitivity of coastal zone
response to this variable forcing (Q2.3). In addition, impacts of changes in ice forcing will be investigated
through the use of state-of-the-art high-resolution numerical models that will have been evaluated with
field observations collected as part of the field campaign as well as with longer term remote-sensing data
time series. Such coupled biogeochemical-physical models have the ability to differentiate the relative
impacts of multiple changing factors, such as freshwater fluxes, precipitation, wind intensity, stratification,
and multiple ice forcing mechanisms at different time scales.
Riverine plumes mix slowly because sea ice can partially inhibit wind momentum transfer. In addition,
with the exception of some portions of the Eurasian shelves and Norton Sound, tidal energy is weak on
Arctic Ocean shelves (Kowalik and Proshutinsky, 1994), leaving little mechanical energy to support
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mixing. Plume mixing with ambient waters is thus confined to the ice-ocean boundary layer (Q2.2). This
has important implications on seasonal biogeochemical transformations (e.g., Bluhm et al., 2015). First,
much of the suspended material carried by the buoyant plumes will likely settle in the quiescent waters
beneath the landfast ice. Only after break-up occurs and the landfast ice becomes mobile will these
materials be re-suspended and transported (Q2.1). Second, the shelf area influenced by the river plume is
much broader than would be expected in the absence of ice (Q2.1). This suggests that the size of Arctic
“estuaries” will vary seasonally and may be altered in a changing climate. Third, it is not known how
winds offshore of the landfast ice alter plume behavior, although models suggest substantial differences
(Q2.2). Fourth, weak cross-shelf exchanges suggest that biogeochemical processes within the landfast ice
zone are isolated from those of the outer shelf so that these processes may proceed quite differently
between the two regions (Q2.3). Fifth, the winter baseflow of larger rivers (i.e., Mackenzie and Yukon
Rivers) is small but significant and is typically associated with a different geochemical signature compared
to the peak flows in spring and summer. This runoff enters the shelf at a time of thickest sea ice coverage
and may spread along and across the shelf as far as the stamukhi (grounded ridges) zone allows
(Macdonald et al., 1995; Reimnitz, 2002) (Q2.1).
The seasonal transition between open water and landfast ice cover includes two particularly active
shoulder seasons: break-up and freeze-up. Spring/summer break-up coincides with peak river discharge
and entails the melting and mobilization of the landfast ice and the accumulation of low-salinity waters
from melting and runoff. Fall freeze-up coincides with strong storms that instigate vertical mixing,
vigorous cross-shore exchanges, and along-shore transports. The wave field is generally the most
energetic (and coastal erosion greatest) in fall, as ice cover is reduced and wind fetch is high. At this time,
nearshore materials are most likely to be re-suspended and rapidly transported along and across the shelf
and/or incorporated into forming ice. These seasonal milestones are anticipated to change in magnitude,
timing, and synchronicity as the climate shifts.
In order to understand the transport, processing, and dispersion of terrigenous inputs to an Arctic coastal
environment, we need to determine the roles of sea ice in four critical functions: 1) as a barrier to light,
heat, mass, and momentum transfer between the atmosphere and the ocean, 2) as a barrier to lateral
transfer and dispersal of freshwater and terrigenous constituents across the estuarine environment, 3) as
storage for freshwater, nutrients, sediments, contaminants, and organic matter, and 4) as a control on
sediment deposition, coastal erosion, and coastal bathymetry (Q2.1). The extent to which snow and ice
serve as a barrier between ocean and atmosphere is determined primarily by snow cover depth, ice
thickness, melt pond coverage, ice deformation, and the presence of light-absorbing particles within the
ice. Snow on ice provides an important control on ice growth (Langlois et al., 2007), light transmission
(Perovich and Polashenski, 2012), and biological productivity within and beneath the ice (Jin et al., 2006)
(Q2.3). Onset of melting conditions and later pond formation on the ice surface controls the surface
radiative balance during summer as the ice thins (Grenfell and Perovich, 2004; Nicolaus et al., 2013;
Polashenski et al., 2012). Stable landfast ice also suppresses momentum transfer from wind and the partial
permeability of the ice to gas exchange may play a role in some gas availability (Loose et al., 2014). The
dynamic opening and closing of shore leads can rapidly alter the continuity of this barrier in the coastal
environment, placing tight controls on the transfer of momentum, heat, and mass (Q2.1).
The physical characteristics of the coastal ice relevant to these roles exhibit large inter-annual variability
(Barry et al., 1979, Mahoney et al., 2007) and may now also exhibit long-term trends. Snow depths on
land and ice appear to be decreasing (Webster et al., 2014) and there is evidence that the extent, stability,
and duration of the landfast ice cover is also decreasing (Mahoney et al., 2007). Observation of sea ice in
this ocean-atmosphere barrier role will be critical to the Arctic-COLORS project and though techniques for
local observation of these properties and processes are well-developed, Arctic-COLORS will confront the
need to address the enormous spatial and temporal variability in the coastal environment, which can only
be done with NASA remote sensing and modeling assets. Assessment of the controls that ice conditions
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impose on coastal biogeochemical processing and productivity (Q2.1, 2.2, 2.3) will depend on quantifying
ice properties throughout the annual cycle and placing current conditions in the context of historical
observations.
The role of ice as a barrier to lateral mixing is significantly less studied and is a key area for development
in this program (Q2.2). Differing rates of processing in offshore versus inshore environments mean that
the fate of the inputs from the terrestrial environment may be altered significantly by the impacts of ice on
lateral exchange. Typical results (e.g., Garvine, 1974; Münchow and Garvine, 1993; Fong and Geyer,
2001) applicable to Arctic continental shelves during the open water season are unlikely to hold in the
presence of landfast ice, which interacts both dynamically and thermodynamically with the buoyant
plumes generated by river discharge. The restriction of momentum transfer from wind alters wind-driven
cross-shelf exchanges (Kasper and Weingartner, 2012), suggesting that waters within the landfast ice zone
are renewed very slowly through winter. Riverine plumes can also be channeled or blocked by ice bottom
topography (Macdonald et al., 1987; Macdonald and Carmack, 1991), or run both under and above the ice
(Alkire and Trefry, 2006), with significant impacts on the dispersal and mixing of buoyant plumes (Kasper
and Weingartner, 2015). Stamukhi can completely cut off estuarine-ocean exchange in some areas
(Carmack and Macdonald, 2002). Such variability in physical flow patterns will likely impact the timing
and magnitude of biogeochemical processing and material transport.
Ice formation in the estuarine system can furthermore lock up significant portions of the annual freshwater
discharge from major Arctic rivers (Eicken et al., 2005), entrain substantial amounts of sediment (Stierle
and Eicken, 2002), and transport terrigeneous organic matter with the ice (Eicken et al., 2003). Brine
stored within the ice can be rejected episodically during ice growth or meltwater flushing (Weeks and
Ackley, 1982). Sediment incorporated into ice during formation can be transported and dispersed on
Arctic continental shelves by ice drift and melt at times long after entrainment and over distances much
greater than current velocities and settling times would ordinarily support, or may be re-deposited into the
water column locally at times when material re-suspension would otherwise be unlikely (Pfirman et al.,
1995; Darby et al., 2011). Understanding which materials are entrained in the ice is important for
understanding this reservoir effect, so processes that lead to full water column convection and suspension
of sea floor sediments into forming ice during autumn as well as processes that lead to formation and
transport of fresh ice out of estuarine environments are of particular interest (Q2.1, 2.2).
Over the Beaufort Sea, easterly alongshore winds foster shelf-break and coastal upwelling while
downwelling occurs under westerly winds. Although upwelling winds occur more frequently and are, on
average, stronger than downwelling winds in all seasons, wind-driven Beaufort shelf processes are eventlike and generally last only for days (Pisareva et al., in review; Pickart et al., 2013). Upwelling and
downwelling have different seasonal maxima and frequencies, as do storm winds (Lentz, 2004). When
subject to the same surface wind forcing, moderately heavy ice concentrations are far more effective in
inducing upwelling (or downwelling) than open water due to ice-ocean stress. In contrast, heavy ice
concentrations result in reduced ice mobility (or complete immobility in the case of landfast ice), so that
transfer of momentum to the water column is impeded. Alternatively, during open water conditions, if the
shelf stratification is weak and the shelf is sufficiently shallow, the upwelled water may be rapidly mixed
into the surface layers and support intense blooms (Pickart et al., 2013; Spall et al., 2014), enhancing
overall biological production (Tremblay et al., 2011). Downwelling winds, on the other hand, transport
freshwater eastward in narrow, coastally trapped currents, such that mixing between the coastal current and
ambient seawater is reduced in comparison to the upwelling case (Lentz and Chapman, 2004; Pite et al.,
1995). Whether upwelling, onshore and cross-shelf transport, or sea ice brine rejection will become the
dominant source of nutrient-rich water into the Arctic coastal zone on an annual basis is a major question
for Arctic-COLORS (Q2.2, 2.3); these processes have now been observed seasonally and regionally
(Weingartner et al., 1999; Williams et al., 2006; Tremblay et al., 2011) and may become more important
under a changing climate.
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3.3. Science Question #3
What will be the effects of future change (warming land and melting ice) on
nearshore Arctic Biogeochemistry?
The complexities of the Arctic coastal zone require an interdisciplinary approach that must include efforts
to synthesize all characterized drivers of the system. The emphasis of the third Arctic-COLORS science
question is an evaluation of the relative stability of critical drivers/transformation zones/processes to
changing conditions. The relative importance of Arctic coastal zones is tied to their future value in terms
of ecosystem services and as a source of livelihood for various stakeholders (e.g., subsistence fishing,
fishing and ecological tourism, transportation, cultural use). While the scope of this campaign does not
include prediction of impacts on social systems, the generated products derived from this question can be
used for that purpose.
3.1 On seasonal and interannual time scales, how will changing land (Question 1) and melting ice
(Question 2) impact nearshore Arctic biogeochemical and ecological processes?
3.2 On interdecadal time scales, how will changing land (Question 1) and melting ice (Question 2)
impact nearshore Arctic biogeochemical and ecological processes?
Most large-scale, coupled Arctic sea ice-ocean regional models include only the most rudimentary riverine
input processes. Most commonly, this means that the only signature of river input to these models is
dilution of salinity in the grid points closest to the river mouth, typically using climatological, monthly
mean-river-discharge volume (Hibler and Bryan, 1987) and for only a subset of rivers. In addition, an
“ungauged rivers” component is typically included as an extrapolated value distributed evenly along the
coastline in order to account for both small rivers as well as groundwater discharge. Some models are
even less sophisticated, and instead use a simple restoring term to climatological monthly mean-observed
sea-surface salinity to capture river discharge (Karcher et al., 2007). However, land surface models can
now estimate river discharge flux at sub-monthly, or even daily resolution for all major Arctic-draining
rivers (Cohen et al., 2013). Used together, available river discharge data, numerical modeling, as well as
in situ and remote-sensing data will allow for quantification of the impacts of terrestrial fluxes and ice
processes on nearshore Arctic biogeochemical and ecological processes. These can then be utilized for
retrospective analyses and near-term predictions (Q3.1).
Fully coupled climate models have their own hydrological model component that brings varying discharge
to the ocean, but how that discharge is transferred into the ocean differs widely from one model to another.
The most physically consistent method is to transfer both volume and salt to the ocean, but while a
numerical method considering these two aspects has been developed (Huang, 1993) and shown to impact
Arctic circulation (Prange and Gerdes, 2006; Roullet and Madec, 2000), its implementation is still
relatively rare. The transfer of heat from rivers into the ocean is also typically neglected, but can represent
a critical source of heat in these regions (Nghiem et al., 2014). A new database of climatological river
discharge and temperature to one-sixth of a degree (Whitefield et al., 2015) will likely improve future
model estimates of water transport, sea ice formation and melt, and other fine-scale processes (Q3.1, 3.2).
Several models have been employed to calculate coastal erosion of the Arctic coastal region (e.g., Ravens
et al., 2012; Barnhart et al., 2014b). Coastal erosion processes certainly introduce an increased freshwater
flux from melting interstitial ice, and importantly release soil organic carbon (solids and gases) previously
sequestered in the permafrost into the shallow nearshore waters. Coupled climate models have not taken
these fluxes into account yet, nor have they been set up with dynamically changing boundary conditions
(i.e., an evolving eroding coast). Identifying the relative strength/importance of these fluxes is one
intended outcome of Arctic-COLORS.
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Given the primitive numerical framework that many models use for the transfer of physical properties
(volume, salt, and heat) into the ocean anywhere, it is not surprising that few models attempt to capture
land-ice-ocean biogeochemical fluxes. For example, none of the existing modeling frameworks developed
for the Arctic currently transfer riverine sediment into the coastal ocean domain, despite evidence from
satellite imagery that suspended sediment plumes dominate the shallow Arctic shelf waters during the
summer season (Carmack et al., 2015) and profoundly change albedo and light availability. The
availability of large-scale, three-dimensional coupled biogeochemical-ocean-sea ice models of the Arctic
seas is a relatively new development (e.g., Popova et al., 2014; Slagstad et al., 2011; Steinacher et al.,
2009; Steiner et al., 2014; Zhang et al., 2010; Lee et al., 2016), with some including land/hydrology/ocean/
ice interfaces and month-to-month resolution (Maslowski et al., 2012; Roberts et al., 2015; Hamman et al.,
2017). Although ongoing efforts to characterize these fluxes on a pan-Arctic scale, with annual to decadal
resolution, appropriate for ocean modeling are bearing some fruit (e.g., Holmes et al., 2012) (Q3.1), Earth
System Models (ESMs) contributed to CMIP5 do not agree even on the sign of future primary production
changes in the Arctic Ocean (Vancoppenolle et al., 2013). This is despite the fact that all models report a
decrease in available nutrients due to increased stratification and an increase in light availability due to a
reduced sea ice cover. Moreover, most ESMs do not yet address Arctic biogeochemical processes in the
nearshore zone, especially where large riverine inputs occur at local scales (but see LeFouest et al., 2013).
Similarly, benthic processes (e.g., organic matter remineralization, nitrification, denitrification) that seem
important in the wide and shallow Arctic shelves (e.g., Devol et al., 1997; Tanaka et al., 2004; Deal et al.,
2014) are generally not yet included in these models.
While the typical ocean model does not include the properties of most biogeochemical land-ice-ocean
fluxes in the Arctic Ocean nor include parameterizations that are representative of Arctic coastal processes,
modifications to address these issues seem feasible, given existing parameterizations from other regions
and new data sets that are likely to be part of the Arctic-COLORS field campaign (Q3.1). Thus, this is an
area where considerable progress can be made, given an appropriate investment in time and effort.
Advances in understanding nearshore biogeochemical processes will also require model refinements in
terms of how landfast sea ice at the coast impacts fluxes to the ocean. Many Arctic river drainage basins
experience peak snow melt and river break-up while regional sea ice still covers the coastal ocean (Q2).
For these river systems, the river drains into the landfast ice zone and the river plumes can drain partially
under-ice, extending river water far offshore to the open channels that cross the landfast ice zone (Alkire
and Trefry, 2006). Simplified model experiments with the Regional Ocean Modeling System (ROMS)
show the profound impact of the frictional coupling of the sea ice on buoyant river plume dynamics
(Kasper and Weingartner, 2015). Even more dramatic impoundment of river discharge is experienced in
the spring via the presence of grounded sea ice ridges at the offshore limit of the landfast sea ice (i.e.,
stamukhi), which creates an inverted dam effect (Carmack and Macdonald, 2002). These processes serve
to concentrate river properties and delay their export to the open ocean; however, the impact of this delay
on the evolution of the pan-Arctic sea ice pack and on underlying ocean biogeochemical and ecological
processes is presently unclear.
As described above, small-scale processes at the land-ice-ocean interface are complex and are generally
not captured in current coupled climate models, regional or global. However, the necessary numerical
methods are an active topic of current research; and with new data available from the Arctic-COLORS
field component, resolving these processes will become increasingly feasible (see section §4.6.2).

3.4. Broader Impacts
Climate change-related risks to marine ecosystem services in the Arctic include ecosystem and fisheries
degradation and damage (e.g., changes in habitat characteristics and dynamics, shifts in species
biodiversity, altered productivity, ocean acidification), changes in biological resources (e.g., abundance,
distribution and quality of subsistence fisheries including marine mammals, fish, shellfish), species
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reorganization and displacement (e.g., harmful algal blooms) (e.g., Hinzman et al., 2005; Macdonald et al.,
2005; Parmesan 2006; Moore and Huntington 2008), and probably still other impacts yet unexpected.
Climate-related changes in ecosystem services will vary greatly spatially and temporally among and
throughout the Arctic regions and may result in both losses and opportunities. A recent risk-assessment
report, published by Fisheries and Oceans Canada, enumerated these potential losses and identified
opportunities for the western Arctic (DFO, 2013).
Negative impacts may include loss of habitat, change in infectious disease transmission, contaminant
pathways, species distribution and range expansion (introduction and/or spread of invasive or colonizing
aquatic species displacing Arctic-adapted aquatic species) and an increase in other anthropogenic stressors
(DFO, 2013). Permafrost thaw and increased coastal erosion (Q1) may affect shellfish fisheries as well as
higher trophic levels that depend upon shellfish, e.g., bearded seals and walruses, through habitat
alteration. Positive changes may include increased primary (phytoplankton) and secondary (zooplankton)
production in spring (Wassmann and Reigstad, 2011), and perhaps locally even in fall (Ardyna et al.,
2014), which may favor species at all levels in nearshore food webs, particularly in the short-term, by
increasing foraging opportunities for some species. Alterations to riverine-borne constituent fluxes on
coastal ecology, considered in detail in Q1, may result in increased nutrient and allochthonous organic
matter inputs into the coastal zone in some areas, also stimulating processes at the base of the marine food
web (Le Fouest et al., 2015). These changes, combined with the longer open water duration, may result in
extended access to and duration of national open-water fishing seasons as well as (inter)national openwater ecotourism and transportation in some regions. Increased water temperatures and declines in sea ice
as a result of climate change may cause an increase in bacterioplankton respiration and growth as well as a
change in the relative magnitude in primary production between phytoplankton and ice algae (Q2).
Increased bacterial production may result in stronger and/or faster biogeochemical processing, thus a larger
contribution of carbon and minerals to the estuarine and coastal food webs, both pelagic and benthic.
Longer open water duration may also be linked to potentially faster, temperature-driven growth and
maturation rates and reductions in winter mortality for many Arctic species (e.g., anadromous fishes).
Alternatively, “microbialization” of the Arctic could lead to less carbon and energy passed on to fish and
other higher trophic levels (Kirchman et al., 2009a). Arctic-COLORS will encourage research exploring
which bio-geo-chemical scenario is most likely to hold for the Arctic coastal zone in the near future (Q3).
Social-environmental systems research is particularly relevant to the objectives of several NASA programs
(e.g., the Applied Science and the Interdisciplinary Science programs). Thus, Arctic-COLORS research
would provide an excellent opportunity to feed into activities of other federal and state (and regional and
private) programs addressing climate change and the human dimension in the Arctic. For example, the
International Oak Foundation only supports human dimension research, and it has a focus for Alaska and
Northern Territories in the Arctic. Consequently, Arctic-COLORS will provide a comprehensive and
public knowledge base for future research on ecosystem services, impacts assessment, emergency
management, decision support, and social-environmental systems in the Arctic.

3.5. Synthesis
The Arctic terrestrial/coastal interface is subjected to extreme physical, optical, chemical, hydrological,
spatial, and temporal transitions; and the nature of these transitions is being altered under accelerated
climate change. The Arctic-COLORS science questions encompass an integrated, interdisciplinary,
holistic approach centered on the changing system with objectives of understanding biogeochemical
relationships and feedbacks among all gradients and forcings. Addressing these science questions require
a combination of new field and remotely-sensed observations coupled with state-of-the-art modeling
approaches. NASA participation is key to this work because satellite and airborne, passive and active
sensors allow investigation of gradients at various time and space scales. Remote sensing also allows data
collection in regions and seasons inaccessible to conventional shipboard or land-based methods. For
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example, organic matter is a key constituent of the biogeochemical flux from land to the ocean. Terrestrial
dissolved organic matter has a high proportion of colored dissolved organic matter, which can be remotely
sensed (Fichot et al., 2013; Matsuoka et al., 2012; Nelson et al., 2010; D’Sa et al., 2014). Remote sensing
can also be a key tool for assessing inputs and transformations of total particulate matter within nearshore
regions (Doxaran et al., 2012, 2015; Hudson et al., 2014), as well as capturing physical ocean features,
coastal zone and sea ice dynamics. While detection may not be as sensitive as in tropical regions, the
research community will likely find great value in remote salinity retrievals from L-band radiometers,
whether suborbital or orbital like ESA-SMOS, NASA-SMAP or the no longer available NASA-CONAE
Aquarius (Shutler et al., 2015) (see section §8.4 for acronyms). Clearly, most components of the ArcticCOLORS proposed science will not be possible without NASA assets, and therefore this project is not
possible without NASA leadership.
The scientific community currently does not have the tools to anticipate the outcome of the changes
discussed above. Regional ice-ocean models, for example, generally fail to reproduce landfast ice (e.g.,
Proshutinsky et al., 2007), so current models do not capture critical elements of shelf dynamics—
particularly those having important implications for biogeochemical transformations and processes that
control exchanges of river-influenced shelf waters with basin waters. Observations of biogeochemical
fluxes and terrigenous water mixing in the coastal ecosystem are limited enough to prohibit even a
thorough understanding of current conditions, much less the mechanistic understanding needed to predict
change. Through this proposed integration of new, coupled physical-biogeochemical models with
comprehensive ship, ground-based and remote-sensing observations from different platforms and across a
range of spatial and temporal (diurnal, seasonal, multi-year) scales, Arctic-COLORS will provide a
comprehensive opportunity to address these gaps in existing knowledge required to answer the three
overarching science questions posed hereinbefore.

4.0| Science Plan
4.1. Arctic-COLORS Science Traceability Matrix
The Science Traceability Matrix (STM) developed for Arctic-COLORS shown here follows a modular
structure and is directly connected to our overarching science questions, as well as to the required in situ
measurements, remote-sensing observations, models, research platforms, and integration activities that are
required to address these questions. Each approach (column 2 in STM) and each measurement and
modeling activity (column 3 in STM) is linked to Arctic-COLORS specific questions, while requirements
related to instrument deployment, platforms, integration of approaches, and coordination/partnerships are
described in column 4. Specific core and non-core measurements are listed in Table 8.2.
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Map to Science

Science Questions

Approach

Q1 What are the effects of land on
nearshore Arctic biogeochemistry?

Use a rich synthesized
dataset of existing field and
satellite datasets (Phase I)
(i) for initial RS algorithm and
model development and (ii) to
optimize the design of field
studies and deployments

Q2 What are the effects of ice on
nearshore Arctic biogeochemistry?
 How does flow alteration/channeling by
morphological ice conditions impact
terrestrial fluxes into and attenuation
within, the nearshore Arctic?
 How does the coastal snow/ice cover
impact nearshore Arctic biogeochemical
processes by controlling rates of mixing
and by modulating light availability?
 How does the timing of sea ice
formation/retreat, duration of sea ice cover
and ablation, snow accumulation, and the
morphology of the coastal ice zone
influence nearshore Arctic biogeochemical
and ecological processes?

Q3 What will be the effects of
future change (warming land and
melting ice) on nearshore Arctic
biogeochemistry?
 On seasonal to interannual time scales,
how will changing land (Question 1) and
melting ice (Question 2) impact nearshore
Arctic biogeochemical and ecological
processes?
 On interdecadal time scales, how will
changing land (Question 1) and melting
ice (Question 2) impact nearshore Arctic
biogeochemical and ecological processes?

B Conduct new field
observations and process
studies/quantitative experiments
across intensive study sites (Tier
1 and 2) and synoptic surveys
(Tier 3 sites) (Phase II), to:
Q1
(i) assess current conditions in the Q2
coastal Arctic, (ii) develop
improved coupled hydrodynamic- Q3
bio-geochemical model
parameterizations, and (iii)
develop new RS algorithms and
ocean color products
C
Extend ship and boat based
measurements over different
seasons and multiple years using Q1
buoys, moorings and autonomous
Q2
platforms, to assess seasonality
and capture year-to-year
variability in Arctic processes

D

Link in-situ observations
to remotely sensed quantities,
for quantitative assessments of
land-ice-ocean interactions from
RS (space and suborbital)
assets, and use RS in hindcast
mode to distinguish between
climate change trends and
shorter term variability

Q1
Q2

FIELD OBSERVATIONS

 How has the relative magnitude of inputs
from rivers and coastal erosion changed
across the nearshore Arctic seasonally and
interannually?

Q1
Q2
Q3

F Integrate measurements
and model results during a 2year Synthesis Phase (Phase III)

Q3

Q1
Q2
Q3

Q1
Q3

Ice/snow characterization: land fast and ice
properties (thickness, temperature, area extent)

Q2
Q3

Water column characterization: water column
physicochemical properties, sediment properties,
circulation, hyperspectral UV-VIS-NIR optics,
lidar-based profiling of optical properties.
Biogeochemical/ecological processes:
biogeochemical stocks and fluxes, transformation
rates, primary production, assimilation/grazing,
community respiration, aggregation/flocculation,
photochemical and bacterial transformation of
organic matter, plankton community structure,
algal bloom development, development of
hypoxia, acidification.

 A set of core measurements (Table 8.2) will be
conducted across all sites), while non-core measurements
will be conducted only at selected (Tier 1 and 2) sites

Q1
Q2
Q3

Deployments

B
C
D

Q1
Q2
Q3

Requirements

E
F

Q1
Q2
Q3

 Minimum requirements: 2-year
measurements program (shipboard, groundbased and airborne platforms) at Tier 1 sites (2
complete annual cycles) and synoptic survey
(one annual cycle), to assess seasonal and
inter-annual variability.
 Optimum deployment: 2-year field
observations at Tier 1 and Tier 2 sites, and
synoptic survey (Tier 3 sites), extending the
temporal domain of the campaign to 4 years

Platforms
 6-35 m length landing crafts and small RVs
for in-shore and river work.
 35-80m length coastal research vessels
(RVs) with standard hydrographic
equipment for coastal work (includes R/V
Sikuliaq for light ice-breaking capability)
 Medium-to-large (75-130m length) ice
reinforced RVs primarily for deeper shelf
waters and during thick ice conditions.
 Buoys, moorings, and gliders
 Land towers for optical and atmospheric
instrumentation.
 Small planes/UAV, helicopters, with
seasonal deployments over study region
 Over-the-snow/all-terrain vehicles

Integration

E

Use in-situ and RS
datasets to develop new coupled
hydrodynamic-ecological
models for assessing impacts of
future change on nearshore
Arctic biogeochemistry.

Map to Science
& approach

Geomorphology and land-ocean fluxes
characterization: freshwater discharge/volume
transport (river, groundwater, surface runoff,
coastal erosion fluxes, bathymetry

Meteorological/atmospheric measurements:
clouds, precipitation, humidity, winds,
temperature, aerosols, trace gases.

REMOTE SENSING

 How do these changing fluxes affect
nearshore Arctic biogeochemical and
ecological processes?

A

MODELING

 How do freshwater carbon, nutrient, and
sediment fluxes to the coastal zone change
as a results of:
- changing riverine and groundwater
inputs,
- passage through estuaries and gradients,
- and coastal erosion and thawing
permafrost?

Measurements and modeling

 Active and passive (moderate-high resolution UVQ1
VIS-NIR) RS retrievals of ocean optical (e.g.,
Rrs, a, bb) biogeochemical (e.g., Chla, DOC) and Q2
physical (SST, wind, current vectors) properties;
active and passive RS of atmospheric
composition (for improved OC atmospheric
correction)
 RS of land characteristics (e.g., permafrost cover,
Q1
vegetation cover, fire frequency in river basins) in
collaboration with ABoVE
 RS determination of coastal ice and snow cover Q2
 Linked coupled hydrodynamic-photochemical
biogeochemical ocean models to land processes Q1
(e.g., permafrost dynamics, watershed processes)
 Link coupled coastal ocean biogeochemical
Q2
models to sea ice models
 Link land-sea-ice models to ecosystem-based
Q1
models
 Climate modeling

A
B
D
E
F

A
B
C

Q2

E

Q3

F

 Integration of existing datasets and modeling
tools into the project (Phase I)
 Integration across all disciplines,
observational approaches and modeling
efforts (Phase III)
 Integration with current and future
campaigns in the Arctic (Phase I-III)
 Use modeling and remote sensing to scale up
fluxes and processes in both temporal and
spatial domains

Coordination/partnerships
 Collaboration with other federal and state
agencies and regional and private programs
 Engagement of local communities
throughout the life cycle of the project
 Leverage existing infrastructure (e.g.,
ABoVE)
 Partnerships with ongoing U.S. and
international efforts in the Arctic (e.g., Polar
Knowledge Canada, ArcticNET, and
Sentinel North).
 Coordination with other programs
addressing climate change and the human
dimension in the Arctic.
 Open meetings to engage the community and
encourage partnerships
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4.2. Study Domain: Core and Extended Regions
The geographical extent of the study domain will cover a core area from the Yukon Delta to the Mackenzie
Delta, and will include the region between the head of tidal influence (~2 psu) in selected systems and the
coastal shelf (Figure 4.1). This study domain covers a wide range of environments and habitats
because successfully addressing the Arctic-COLORS science goals will require measurements across
a range of coastal systems to quantify the relative importance of different biogeochemical, ecological
and physical processes across different spatial scales. Although not intended as an oceanographic
program reaching into the deep basin, the influence of freshwater on ocean circulation; storage of
freshwater in the Beaufort Gyre; and the varying influence of melted sea ice, local precipitation and runoff
on water column stratification; alkalinity; biological productivity; biogeochemical processes; and
ecosystem function should be recognized and linked to complementary historical, on-going and new Arctic
marine studies. An extended eastward domain that includes Victoria and Banks Islands in the Canadian
Archipelago will be established through collaboration and coordination with monitoring and research
programs of the Canadian POLAR (Figure 4.1 lower panel; section §8.5). An extended inland domain for
land/river and permafrost transitions will build upon the synthesis from ABoVE.
The geographical scope for our core and extended study areas will facilitate focused process studies of
large, globally-significant rivers (Yukon and Mackenzie), regionally-influential watersheds (e.g., Kobuk,
Noatak, Colville), as well as smaller tundra rivers (e.g., Sagavanirktok, Kuparuk) where prior intense
hydrological work provides insights on flow regimes, chemistry (e.g., in collaboration with the NSF LTER
Beaufort Lagoon Observatory), and other hydrological features. This geographical scope will also
facilitate studies of coastal lagoons, erosional bluffs that contribute organic materials and sediments to the
adjacent shallow continental shelf, and barrier islands, which are common coastal geomorphic features
along the entire study domain and border the Arctic coastal zone. High resolution intensive sampling and
focused process studies will be performed at selected intensive study sites within the core study domain
(see section §4.4.1), as needed to (i) advance the understanding of specific physical, biological and
biogeochemical processes in the Arctic, (ii) develop enhanced coupled hydrodynamic-biogeochemical
models, and (iii) design appropriate remote-sensing, bio-optical algorithms for the Arctic coastal zone. In
addition to these intensive studies, synoptic surveys of the core domain (see section §4.4.2) will enable
scaling-up and extending results to a wider system, inclusive of a broad range of coastal Arctic
environmental characteristics.
To provide a more modular structure to our implementation plan, the Arctic COLORS study sites are
designated here as: TIER-1 (high priority intensive study sites, minimum number and geographic
distribution of study sites required to address the Arctic COLORS science objectives); TIER-2 (medium
priority intensive study sites, where measurements would allow to more completely assess spatial
variability across coastal Arctic ecosystems but would not be conducted if de-scoping is necessary); and
TIER-3 (synoptic survey, same spatial coverage independent of funding, but denser/higher resolution
measurements if full funding is provided). Based on current knowledge and existing gaps in our
understanding of coastal Arctic processes, we recommend that TIER 1 sites include: (i) at least one large,
globally important river system with long time series hydrological data records (i.e., Yukon river; ), (ii) a
regionally influential river draining Northwest Alaska and discharging to the Bering Strait (i.e., Kobuk
river), (iii) the largest river draining Alaska’s North Slope whose watershed is underlain completely by
high Arctic permafrost tundra (i.e., Colville river), and (iv) a smaller tundra river along Alaska’s North
Slope, such as the Kuparuk River that has particularly high dissolved to particulate organic carbon flux
ratio (McClelland et al., 2014) and where river discharge has been continuously monitored by USGS from
thaw to freeze-up. TIER 2 sites would expand the study domain to include additional river systems across
the core study domain, including the Mackenzie (the largest and longest river system in Canada
discharging into the Arctic ocean), Noatak (discharging into the Chukchi Sea), and Sagavanirktok (one of
the largest rivers along with Colville and Kuparuk draining Alaska’s North Slope). TIER-3 surveys will
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consist of broad surveys conducted between the Yukon/Norton Sound and Mackenzie River delta during
early and late summer. Alternatively, these surveys could potentially be conducted on piggy-back research
vessels that regularly transit from the Bering Strait to the Mackenzie plume region with only modest shiptime costs to NASA (see section §4.4.2).
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Figure 4.1. Map of the Arctic-COLORS domain notated with pink shading in both panels. The domain includes the globally
significant rivers Yukon and Mackenzie, as well as regionally influential watersheds across the continuum of
coastline in between. Tier 1 and Tier 2 sites are highlighted with black and orange outlines, respectively.
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A number of coastal villages are located within the study area, where subsistence hunting and food
gathering are everyday activities (Figure 4.2). These include major communities with seats of
governmental authority and transportation hubs such as Nome, Kotzebue, Utqiagvik (formerly known as
Barrow), and Inuvik, as well as small villages, including Alakunuk, Emmonak, Stebbins, Unalakleet,
Brevig Mission, Wales, Teller, Shishmaref, Deering, Buckland, Kivalina, Point Hope, Point Lay,
Wainwright, Nuiqsut, Kaktovik, Tuktoyaktuk, and Kugluktuk. Concerns of local residents include
increasing coastal ship traffic, industrial development of oil and gas reserves, and the impacts of seasonal
sea ice retreat, permafrost thaw and other aspects of climate change on subsistence hunting and gathering,
and transportation. Local community involvement is critical to the success of this study and should be
highly encouraged during the planning and implementation phases of the campaign.
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Figure 4.2. Map with locations of large population centers and villages along the coast of
the Arctic-COLORS study domain. The watersheds shown in Figure 4.1 are
also outlined here in black.

4.3

Research Phases and Field Campaign Timeline

The notional start date for the Arctic-COLORS activities is early 2020s. A ~10-year program, 2020-2030,
is envisioned to address the science questions and objectives described in section §3 (Table 4.1). The
proposed timeline for Arctic-COLORS fieldwork will overlap with the first two years of NASA’s Climate
Initiative ocean color mission PACE (expected to launch in August 2022), enabling application of the
proposed field observations to PACE validation efforts, and enhancing remote-sensing capabilities in one
of the most responsive regions to climate change (see section §4.5). The proposed timeline will also result
in overlap with NASA’s ABoVE synthesis phase, providing a unique opportunity to link processes in
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Arctic coastal zone and terrestrial ecosystems, and leveraging on-going NASA-funded field facilities and
logistics in order to get maximum return on NASA's investment in the Arctic region.
A two-year Phase I activity (2020-2022) would precede the formal Arctic-COLORS field and modeling
projects during which investigators selected through a peer-review process (presumably in coordination
with the program office will develop repositories and conduct analyses of relevant field data sets, satellite
products, airborne data sets, and model products.
Phase II (2022-2028) will consist of two sets of 4-year funded projects (2022–2026 and 2024–2028) that
accomplish fieldwork, satellite data analysis, and modeling. The projects focused on field-based process
studies and measurements would each conduct two years of field sampling activities (2023–2025 and
2025–2027), which provides for four years of dedicated field measurement activities for the duration of the
program, that may be prescribed by the tiered approach described in section §4.2. Field sites and required
measurements for the intensive process studies and field surveys are discussed further in section §4.4.
Phase III (2028-2030), a 2-year synthesis will follow after the conclusion of the 4-year projects.
Table 4.1.

Notional Timeline for the Arctic-COLORS Program.

Phases of Arctic-COLORS Program
Phase I: Pre-Arctic-COLORS
Field data and remote sensing
observation compilation
Observing System Simulation
Experiments (OSSEs)
Arctic-COLORS Program (Phases II and III)
Phase IIa: Field work, Remote Sensing, and
Modeling projects
Active field work
Phase IIb: Field work, Remote Sensing, and
Modeling projects
Active field work
Phase III: Synthesis

Duration

Notional Schedule

2 years

2020-2022

8 years

2022-2030

4 years

2022-2026

2 years

2023-2025

4 years

2024-2028

2 years
2 years

2025-2027
2028-2030

4.4. Field Measurements Program
Using a multi-disciplinary approach and leveraging recent NASA-funded field activities in Arctic-boreal
terrestrial and freshwater ecosystems, Arctic-COLORS will create a uniquely comprehensive database
of biogeochemical parameters and associated physical, optical, and biological variables across a
range of spatial (from the Yukon to the Mackenzie Rivers) and temporal (e.g., diurnal, seasonal, multiyear) scales in the North American nearshore Arctic coastal zone. This unique set of field
measurements and observational approaches, conducted through a combination of process studies (section
§4.4.1) and synoptic surveys (section §4.4.2) will facilitate:
●
Improved understanding of complex processes across the Arctic land-ice-ocean interface.
●
Evaluation and refinement of remote-sensing retrieval capabilities in these challenging highlatitude waters.
●
Model parameterizations of key biogeochemical and ecological-relevant processes.
●
Benchmark data sets against which model simulations can be evaluated.
●
Improved predictability of the effects of continuing Arctic change on the terrestrial fluxes of
dissolved and particulate materials to the coastal zone, their biogeochemical processing within
rivers/estuaries/deltas and coastline in between, and their potential ecological impact.

34

4.4.1 Process Studies
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parameterizations of nearshore physical,
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with satellite products, such as ocean color,
dissolved and particulate matter, sea ice,
microalgal functional groups and others, so
that remote-sensing techniques may be
more effective in a changing Arctic
environment.
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six estuaries adjoining different North
Lake
American rivers and four erosion sites
Rock & Ice
(Figure 4.1; Table 4.2), following the tiered
Figure 4.3. Map showing predominant vegetation and surface terrain
approach described in section §4.2, with a
for watersheds draining into the Bering, Chukchi and
top priority of identifying and
Beaufort Seas.
characterizing transformation zones, as
hypothesized in question 3.1. Examples of river mouth-to-shelf study areas that could be sampled as part
of Arctic-COLORS include (but are not limited to) the Yukon, Mackenzie, Colville, Kobuk, and Noatak
rivers (Figure 4.1); the Kuparuk and Sagavanirktok (Sag) deltas are now part of an active oil field such that
offshore sampling will require a collaboration with the private sector. These river systems will provide
contrasts in terms of temporal freshwater discharge dynamics, particle dynamics, landscape type (boreal
forest versus tundra soil types) (Figure 4.3), and resulting changes in coastal sea ice coverage. For
example, the Colville River drains mountainous terrain in the Brooks Range whereas the Kuparuk River
primarily drains low-lying tundra (Rember and Trefry, 2004). These differences in soil and rock
compositions contribute to differences in loads of suspended sediment, nutrients, and dissolved organic
and inorganic carbon. In addition, these rivers enter the coastline in areas with varying geomorphological
features; for example, the Kuparuk and Wulik Rivers discharge into relatively shallow lagoons separated
from the southern Beaufort Sea by chains of barrier islands whereas other rivers discharge into relatively
open ocean waters. These different settings impact the residence time of river water in the estuaries and
shelf exchange with the Beaufort Sea, and thus each setting is likely to contain different transformation
zones with varying ranges of influence on the land-derived constituents that ultimately export to the
coastal zone (Q1).
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Table 4.2. Notional Sampling Regions for Arctic-COLORS Program.
Phase II Field Measurement Activities
2022-2028
Intensive studies river mouth-to-shelf
Beaufort coastal region

Notional study sites
Mackenzie, Colville, Sagavanirktok, and Kuparuk rivers

Chukchi coastal region

Noatak and Kobuk rivers

Norton Sound coastal region

Yukon River

Seasonality of intensive studies

Coastal erosion intensive sites
Seasonality of coastal erosion studies

Synoptic Survey studies
Seasonality of survey studies

1 full season per field site plus a 2nd full season at select field
sites: (1) March, (2) late May/mid June, (3) mid-July and (4)
September
Four sites to be selected among exposed bluffs to the east of
Barrow, AK and lagoon sites within the Chukchi and Beaufort coasts.
Two full seasons per site: (1) July and (2) September/October
Transit cruises extending across from Norton Sound to Chukchi Sea
and Beaufort Sea shelf region.
Two seasons per year during all four years of the field program:
(1) July and (2) September/October

North American rivers such as the Mackenzie and Yukon drain much larger areas extending far southward
(sub-Arctic) and include a larger variation of rock and soil types within their watersheds compared to
distinctively Arctic rivers with smaller drainage basins entirely within the Arctic Circle (Figure 4.3). As
such, the smaller rivers tend to freeze entirely during winter months, and their drainage basins may be less
diverse in terms of their mineralogical and vegetative content. These differences result in different
weathering regimes that can contribute to geochemical diversity in the solute fluxes transported by the
rivers to the coastal ocean. Individually, these rivers have a much smaller average annual discharge
compared to the Yukon and Mackenzie rivers; however, they are numerous. Their integrated contribution
of both freshwater and a varying range of inorganic and organic materials may not only impact their local
estuaries, and they may also affect the geochemical signature of North American Arctic river waters
exported offshore to the Arctic Ocean and play a significant role in the net uptake or release of CO2 to the
atmosphere (e.g., Alkire et al., 2015; McClelland et al. 2014).
The measurements appropriate for these studies will focus on the biogeochemical processes transforming
terrestrial materials delivered to the Arctic coastal zone (Fig. 4.4; Q1). Studies will focus on planktonic
biodiversity, gross and net primary production, net community production, bacterial respiration,
zooplankton grazing rates, photochemical degradation, organic matter inputs and transformations, nitrogen
cycling, sedimentation, and associated processes across the salinity gradient. In addition, common
variables such as temperature, salinity, nutrients, DIC, TA, pCO2, DOC, POC, PN, DON, chl-a,
phytoplankton pigments, chlorophyll fluorescence, particle absorption, CDOM absorption and
fluorescence, and scattering properties will be routinely measured to define the biogeochemical state of the
system during the detailed process studies.
A particular emphasis will be given to sensor-based optical measurements such that potential
improvements to algorithms and validation linking remote sensing data to biogeochemical state variables
and processes may be improved. Accordingly, radiometric measurements necessary to quantify water-
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leaving radiances will be part of the process study measurement suite. Sampling will take place in the
coastal zone, focusing on shallow water depths (0–20 m, Figure 4.5), such that the full estuarine salinity
gradient (2 < S < 30) and/or the effects of erosion will be observed and thereby capture the influence of
biogeochemical transformations/modifications of terrestrial materials transitioning into the coastal ocean
where they are further transformed (Q1). As the seasonal variability in Arctic river discharge and other
inputs is very high and the seasonal formation and melting of sea ice greatly influences primary production
and microbial succession via light limitation, timing of delivery of riverine/marine nutrients and organic
substrates, and stability of the water column, it is necessary to collect samples throughout the annual cycle.
This approach will best address questions regarding river hydrology— expected decreases in peak
discharge and longer freshets—, and coastal biogeochemistry and ecology— phytoplankton phenology
(including changes in the timing and magnitude of phytoplankton blooms based on changes in nutrient
delivery either from rivers or upwelling and mixing by storms), changes in phytoplankton size
distributions, and changes in overall community structure—(Q1).
Fieldwork in four coastal erosion sites (Q1, 2) will include barrier island-lagoon systems, such as along the
North Slope of Alaska or in collaboration with the NSF LTER Beaufort Lagoon Ecosystem, and bluff-type
systems, such as east of Barrow, Alaska, with process studies conducted in July and September/October
per field site. Studies will include measurements during two different years for both seasons at each field
site; the second year of process studies will enable investigation of inter-annual variability within sites and
between sites.

Figure 4.4. Schematic of the processes (including those labeled but with no arrows such as coastal erosion and landfast ice) and
constituents that will be measured and modeled for Arctic-COLORS at the interface of river estuaries and deltas with
the coastal ocean and the necessary measurement (or transportation) platforms. A single satellite is shown to
represent past, current, and future remote-sensing observations from multiple satellites.
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The primary risks involved in the process studies are weather or field conditions that do not allow for
sampling in key locations at key times. This can largely be mitigated by assuming that a certain
percentage of days will be lost to weather, building a sufficient number of extra days into the sampling
plan, and maintaining flexibility. The diffuse nature and geographic dispersion of the sites, differing
sampling needs of different researchers, plus a number of different sampling vessels (helicopters, small
boats, over-the-snow/all-terrain vehicles, etc.) minimizes the likelihood of widespread sampling failure. In
addition, redundancy of research groups across the sites allows for additional opportunities for any single
research group to have samples collected for them even when they are not in the field. In other words,
research groups can reasonably expect to collect, or have collected for them, a critical mass of samples to
meet their objectives. Along with sampling redundancy, risk will be mitigated by analytical redundancy
across groups, particularly for measurements with greatest risk of failure.
Winter/Early Spring Sampling will be conducted early in March (shortly after daylight returns to the
Arctic but prior to substantial snow and ice melt) in order to capture the end of winter conditions in the
target estuaries. This sampling period will be key for addressing the impacts of snow and ice on transfer of
land-derived materials to the coastal zone (Q2.1), impacts of snow and ice on coastal ecology and
biogeochemistry (Q2.2), and issues of timing of snow/ice retreat and formation and associated impacts on
coastal ecology and biogeochemistry (Q2.3). Over-the-snow/all-terrain vehicles will be used to access the
landfast ice. Access to the water column will be gained by drilling holes through the sea ice, which could
be challenging due to its potential thickness. Temporary structures can be erected and heated to keep
instruments and samples from freezing after extraction. Through-ice moorings or buoys with a surface
expression may be deployed to allow continuous monitoring; total or partial recovery can be done with
helicopters. These winter-to-spring varying chemical and physical conditions control a changing microbial
community (Q1 and Q2), as recent observations in open and ice-covered waters indicate that winter and
the polar night are not “biologically dead” periods (e.g., Leu et al., 2011; Berge et al., 2015; Falk-Petersen
et al., 2015).
Late Spring Sampling will be conducted in late May/early June to coincide with the advent of ice algae,
mixotrophic microalgae, or under-ice phytoplankton blooms that utilize nutrient and/or organic substrate
concentrations reminiscent of the previous winter (remineralization and/or base winter flow supplies) (Q2)
as well as at the onset of the peak river discharge (during which >50% of the annual discharge of
freshwater, suspended particulate matter, and DOC occurs over a period of weeks) (Q1). Samples of river
water will be collected during this period to characterize the geochemistry of the rivers during peak
discharge.
It is both difficult and dangerous to sample the river and immediate nearshore regions just prior to ice
break up (unstable ice) and during the spring floods. As such, the lower portion of the salinity gradient (0
< S < 5), where the majority of flocculation and adsorption/desorption processes take place, may be
inaccessible as river water typically invades the estuaries both above and below the ice (Q2), preventing
sampling via over-the-snow/all-terrain vehicles. Autonomous systems may be deployed in the ice earlier
in March or from open water up to the solid sea or landfast ice, but broken ice, especially in shallow areas,
is unforgiving to instrumentation. The rivers can be sampled from a safe distance via casting long poles
and/or lines from shore or bridges (as available) that are attached to flow-through bottles (e.g., Niskin or
other specially designed equipment). AUVs, airborne measurements, and stand-alone sensors can be
deployed during this period. Over-the-snow/all-terrain vehicles will be used to access the landfast ice as
conditions allow. Sleds that have flotation capability will be dragged behind the over-the-snow/all-terrain
vehicles; these sleds will be primarily used for transporting equipment (ice augers, sample bottles, etc.).
Helicopters offer highly desirable access to these regions that is at times almost impossible by any other
way, but their flight costs and fuel needs may make them less accessible. It is most important to sample
the rivers during this particular period as biogeochemical budgets can be constructed (and models applied)
from a combination of the data collected during the late winter/early spring period (preconditioning of the
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estuary), influx of dissolved and particulate
materials during the spring freshet (i.e., the
river sampling), and sampling conducted within
the estuary as allowed during the spring freshet
and immediately (few days to a few weeks)
afterward.

Chukchi
Sea
Bering
Sea

Co

Early Summer Sampling in June to July
(depending on the river system) will assess the
Beaufort
Sea
rising biological activity as the snow and sea
ice continue to thin, pond, break up, and melt
out (Q1, Q2). As the sea ice cover
disintegrates, the increased buoyancy flux
stabilizes the water column and light limitation
is alleviated, both of which initially stimulate
phytoplankton blooms (Sakshaug, 2004). In
addition, the decreased ice cover exposes
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Figure 4.5. Map of the bathymetry contours within the Arcticconcentrations of colored DOM (CDOM) during
COLORS study domain.
this period can accelerate solar heating of the
surface waters (and thus ice melting) due to CDOM absorption of shortwave solar radiation (Pegau, 2002;
Granskog et al., 2007; Hill, 2008). The reduction and mobilization of the sea ice also allow for greater
interaction between winds and the water column, potentially affecting local circulation/surface currents,
the spread of the river plume, vertical mixing, upwelling, and air-sea exchange. River discharge also
decreases during this period; inorganic nutrient concentrations tend to increase whereas dissolved organic
substrates generally decrease, except when biological uptake is the dominant process in the large rivers
(Holmes et al., 2012; McClelland et al., 2014). Thus, the supply of nutrients and organic matter changes
remarkably between the spring and early summer periods and the nature and rapidity of these changes
affect both biological production and microbial community composition, thus controlling biogeochemical
processing. Field operations will be conducted via small boats deployed from shore (cautious of any
remaining, wind-induced ice shifting) and overlap with wide-area surveys (described in the next section).
Inflatable boats can also be deployed from ocean-based vessels to conduct clean sampling of the top five
meters without disruption and mixing associated with the passage of a motorized vessel at higher speeds.
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Late Summer/Early Fall Sampling will be conducted in September, the period of maximum open water
and minimum sea ice extent and the widest spatial distribution of river runoff. Sampling will be conducted
by small boats deployed from shore (or from small coastal ships), nearly identical to the early summer
survey and also in conjunction with wide area surveys conducted in late summer. The physical and
biogeochemical state of the estuaries and coastal ocean during the late summer/ autumn period also
preconditions the system for the onset of winter (Carmack et al., 2004). Preconditioning of the estuary and
shelf regions helps determine to what extent densification through brine expulsion and vertical convection
will occur during sea ice formation. Shelves receiving large quantities of river runoff during the spring
and summer months are more likely to have a higher degree of stratification (depending on local
circulation and wind forcing) and therefore are less likely to form dense water plumes. These plumes can
increase the residence time of waters on the shelf bottom, lengthening interactions with shelf sediments
and potentially accumulating nutrients and dissolved inorganic carbon. Plume formation may also carry
higher nutrient concentrations, and perhaps dissolved organic substrates from the upper water column
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downward, further limiting their availability for use by microalgae the following spring, unless reduced by
biological uptake (Holmes et al., 2012).
The minimum areal extent of sea ice (Q2) also maximizes the exposure of dissolved organic materials to
photodegradation (Q1). Any materials not already degraded or modified by heterotrophic/bacterial
activity may still be susceptible to photochemical reactions. Thus, sampling during this period may
capture chemical transformations of materials previously inaccessible to biological processing. Such
processes have the potential to stimulate secondary phytoplankton blooms and increase bacterial
production, thus affecting biogeochemical processing of DOM and particulate organic matter. The
potential impact of this interaction for initiating such blooms is not well-known, particularly the relevance
of this mechanism compared to nutrient supply via vertical mixing, induced by autumn storms or
upwelling events (Q1).

4.4.2 Synoptic Surveys, Risks, and Risk Mitigation
In addition to intensive process studies, a series of field survey studies will be carried out to help connect
the shallower estuarine and river work conducted as part of the process studies with the deeper regions of
the shelf and shelf break. For example, as an interior shelf, the Alaskan Beaufort Sea is associated with
lower primary production compared to other shelf regions around the Arctic, such as the Chukchi and
Barents Seas (Carmack et al., 2006). As such, biological production in this region is concentrated
primarily along the ice edge and seasonal ice zone and is highly dependent upon nutrient inputs from rivers
and vertical mixing of deeper nutrient reservoirs near the halocline (Q1). The interaction between the
estuaries and inner shelves and the outer shelves/slope regions may therefore determine the balance
between autotrophy and heterotrophy as well as the microbial community composition and succession in
the southern Beaufort Sea. As the sea ice continues to decline and open water periods lengthen, winds are
likely to play a larger role in the biogeochemistry of the estuary-shelf continuum due to their effect on the
spread of the river plume, vertical mixing and upwelling of nutrients, and local circulation (Q2). Interannual variability associated with the transport of terrestrially derived materials and by-products of
estuarine biological and chemical processing should increase (Q3), as will the support of community
production on the outer shelf and slope (Q1). It is this exchange between the river/estuary/delta and the
outer shelf that may be monitored on a large scale using remote sensing. Therefore, broad surveys will be
conducted between the Yukon/Norton Sound and Mackenzie River mouths. These studies would, among
others:
●
Gain an overall sense of similarities and differences in the biogeochemical state, as modulated by
physical (e.g., temperature and salinity) and biological (e.g., primary and secondary production,
microbial biodiversity) processes, of different shelf regions along the North American Arctic
coast.
●
Determine which areas of the coast can be treated as point sources versus distributed sources of
freshwater and associated constituents.
●
Determine the interaction/teleconnection between the nearshore and the shallower shelf regions
occupied during the process studies.
●
Permit evaluation of the contiguous riverine coastal domain hypothesis (Carmack et al., 2015) (see
section §3.1).
●
Assess the potential for satellite monitoring using optical sensors and collect necessary data for
improvement of existing algorithms, development of new algorithms, and validation of remote
sensing data products.
●
Address the spatial scaling issues for models and application of satellite products.
Surveys will be comprised of a series of cross-shelf transects (“zig-zags”) generally aligned such that they
cross the shelf break (e.g., Beaufort Sea) or a pre-defined salinity (e.g., 30 psu). An ice-capable vessel will
be used to traverse the study area both in early (July/August) and late (September) summer. Short-term
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deployments of a series of moorings as well as possible year-round moorings in some landfast ice will help
to place data collected during both the small-scale process studies and large-scale surveys into context with
respect to temporal variability. A standard CTD/Niskin rosette (or specialized trace-metal clean rosette as
required) will be utilized to collect samples from the ship. The rosette will also be equipped with properly
calibrated instrumentation (e.g., CTD, O2 sensors, chlorophyll and CDOM fluorometers, beam-c, NO3
sensors) to collect more highly resolved vertical profiles of biogeochemically-relevant variables, and
concurrent profiles of inherent and apparent optical properties acting as biogeochemical proxies. For
periods and areas where the near-surface vertical structure expresses thin layers, more appropriate and
comprehensive vertical sampling will be conducted. Deployment of small boats (from shore or larger
vessel) may be necessary to capture the biogeochemical variability and associated physical and biological
controls in areas too shallow to access safely by the larger vessel. Seagliders equipped with CTD, oxygen,
and bio-optical sensors will be deployed to gather supplemental information regarding the spatial
variability over the study region, ice allowing, both during and between the seasonal ship/boat sampling
activities. Buoys may be deployed at the northernmost stations within the perennial ice pack (as
collaborative opportunities arise). Underway sampling of surface water parameters (e.g., salinity,
temperature, O2, pCO2, NO3, CDOM and particle absorbance, backscatter, VSF, CDOM and chlorophyll
fluorescence, phytoplankton community composition and size, among others) will also help to characterize
the larger spatial variability between fixed/discrete sampling stations. Alternatively, these studies could
potentially be conducted on piggy-back research vessels transiting from the Bering Strait to the Mackenzie
plume region with relatively modest ship-time costs to NASA. For example, the Canadian Coast Guard
Service Sir Wilfrid Laurier, which transits each year from her homeport in Victoria, B.C., to the Canadian
Arctic, has taken small teams of scientists aboard for sampling.
The surveys will comprise a number of “normal” sampling stations where the state variable measurements
will be collected at nominal depths. In addition, a small number of stations will involve more intensive
sampling of the biology (e.g., plankton and zooplankton net tows, incubations) and sediments (surface and
cores) as they pertain to specific sub-questions within Q1 and Q2. As these stations are more timeconsuming, there will be a lower frequency of them spread throughout the study area. Although attempts
will be made such that spring and summer surveys will be timed to coincide with process studies
conducted during the associated season, the ship-based surveys will not be used to supply logistical
support to the shore-based process studies. This will require more logistical resources but will save time
and ensure both maximum spatial coverage by the surveys and detailed observations collected during the
larger process studies, following the modular approach described in section §4.2 above.
The primary risk in the survey studies is the possibility that weather or other factors (such as ship
availability) do not allow for one or more of the planned research cruises to proceed at all, or to proceed
during a time period that is less critical toward sampling and observing specific phenomena. These
scenarios are partly mitigated by redundancy in planning for several cruises. The risk that all or most of
these cruises are impacted is low. In addition, partnerships with other research programs in the region,
including Canadian efforts, provide for the possibility of backup coverage to certain key regions of the
sampling domain, if primary research vessels become unavailable or unusable. As with the process
studies, multiple overlapping research groups allow for the possibility that key samples can be collected
for research groups when they are not out in the field. Analytical redundancy across groups for key
measurements will also be in play.

4.5

Remote Sensing in the Arctic: Challenges, Risk Mitigation, and Capabilities

Scientific research in a fast-changing Arctic coastal ocean requires a well-balanced combination of remotesensing, field, laboratory, and modeling efforts. Integration of multi-disciplinary passive and active
remote-sensing observations from various platforms (suborbital and satellites) is a key component of
Arctic-COLORS and, thus, one of the reasons why NASA can achieve the proposed field activities and
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science objectives. The number of U.S. and international satellite and airborne sensors as well as the
quality of remote-sensing products in existence today and planned over the proposed timeframe of ArcticCOLORS will provide a unique opportunity to monitor change in the Arctic coastal zone in a synoptic
manner, as can only be done from orbital and suborbital remote-sensing platforms. Furthermore, the polarorbiting satellites provide high-frequency daily observations due to their wide swaths. Thus, an advantage
of satellite remote sensing in the Arctic, during the months when extensive Arctic-COLORS field
observations will be conducted, is the potentially greater coverage in both time and space, notwithstanding
continuous cloud cover. A diverse array of airborne sensors will be employed to remedy the challenges
posed in applying satellite remote sensing due to pervasive cloud cover in the Arctic and insufficient
spatial resolution.
Arctic-COLORS will require data from the following sensor types and likely others, as new algorithms,
products, and sensors become available. Most products are available at no cost from NASA, NOAA, ESA,
and JAXA. These include medium resolution ocean color VIS-NIR; satellite SST (microwave, IR); high
resolution mapping (e.g., IKONOS, Landsat-8); L-band salinity (e.g., SMOS, SMAP, Aquarius); altimetry;
scatterometry; sea ice extent (SSMIS microwave, NSIDC); sea ice thickness (ERS altimetry, ICESAT-2);
snow cover (AVHRR) and depth (NOAA SNODAS); melt pond fraction (MODIS); among others listed in
Tables 4.3 and 8.3. While some imagery may be available daily, Arctic-specific factors such as the polar
night, cloudiness, ice cover, snow, and high solar zenith angle reduce the frequency of truly useable
imagery to weekly. One-day and 8-day imagery for ocean color-derived chlorophyll and primary
production in Arctic Ocean open waters show significant agreement (Matrai et al., 2013). Sub-orbital
sensors listed in Table 4.4 will also generate data for all participating teams. We recommend an imagery
data archive linked to the ABoVE data management system (see section §5.3).
Arctic-COLORS will require use of remote-sensing observations of ocean biology and biogeochemistry
(e.g., phytoplankton pigments, organic carbon, primary productivity, suspended particulate matter) from
ocean color sensors at various scales from river to ocean, observations of ocean physicochemical
properties (e.g., sea surface temperature, sea surface height, salinity, ocean currents), cryology (e.g., snow
cover and depth, sea ice extent and thickness, melt pond coverage), atmospheric processes and
composition (e.g., aerosols, traces gases including ozone and NO2, CO2, and CH4), meteorological
measurements (e.g., atmospheric temperature, wind speed and direction), hydrology (e.g., precipitation,
terrestrial water height, river discharge, erosion rates), and terrestrial observations (e.g., wetland area
extent, NDVI, soil moisture, freeze/thaw condition, snow cover and land ice) (Table 8.3). These remotesensing datasets will be used to 1) quantify processes and assess exchanges and interactions at the land-iceocean and atmosphere-ocean interfaces across a range of spatial and temporal scales (Q1, Q2), 2) inform
parameterizations in coupled, land-ice-ocean-atmosphere-hydrodynamic-biogeochemical models, and
evaluate model simulations (Q3), and 3) improve and evaluate atmospheric correction approaches for
ocean color retrievals in the coastal Arctic environment (essential for all three Arctic-COLORS questions).
Ocean color remote-sensing provides a unique tool for monitoring changes in coastal ocean ecosystems at
relatively low cost and across spatial and temporal scales and, as such, is central to Arctic-COLORS. Still,
the use of space-based ocean color and other observations at high-latitude regions is hindered by a number
of difficulties and intrinsic limitations. Through a combination of observational and modeling
approaches and by integrating passive (hyperspectral) and active (lidar) remote-sensing
observations from various platforms, Arctic-COLORS will push the envelope of ocean color
research and applications in high latitude areas.

4.5.1

Sea Ice

The sea ice research community has relied intensively on remote-sensing data to provide mappings of sea
ice concentration, sea ice extent, and sea ice thickness. Accurate regional and local sea ice data will be an
essential control to the Arctic-COLORS efforts, since sea ice impacts most of the Arctic environment,
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from ocean and nearshore circulation, to marine ecosystems, to coastal sedimentary dynamics (Q2).
The most commonly used Arctic-wide reconstructions of daily sea ice concentration now span 35 years
and are assembled from passive microwave sensors, including the early instruments SSMR, SSM/I, and
now SSMIS aboard the DMSP F17 satellite (Table 8.3). An improved version of this data product, as
developed by NASA scientists and the National Snow and Ice Data Center (NSIDC), includes data input
from the Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) (Meier et al.,
2008) and now AMSR-2 (Beitsch et al., 2014). These sea ice concentration maps have a ~25 km spatial
resolution and show drastic decrease in sea ice extent, particularly in summertime and early fall (Comiso et
al., 2008; Simmonds, 2015). Detailed analysis of sea ice concentration along the Arctic coastal zone
showed that the median length of the 2012 open-water season, in comparison to 1979, expanded by 1.5- to
3-fold for different regions (Barnhart et al., 2014a) and has continued to be higher than the 30-year mean
through September 2016 (NSIDC).
Thickness of sea ice, specifically sea ice freeboard heights, has been derived from measurements of the Ice
Cloud and Elevation Satellite (ICESat) data collection campaigns (Forsberg and Skourup, 2005). Sea ice
has thinned dramatically over the last 50 years, as reconstructed from a combination of submarine
measurements, ICESat data (Kwok and Cunningham, 2008), and SMMR, SSM/I bootstrap ice
concentration estimates (Kwok and Rothrock, 2009). Detailed sea ice thickness, lead, and melt pond
records will be critical for nearshore and shelf biogeochemical and ecological processes. ICESat-2, which
is scheduled to launch in 2018, will provide greater coverage, smaller footprint, and presumably higher
quality data than its predecessor. Logistically, remote-sensing imagery of sea ice can be very useful for
planning field-sampling events, providing up-to-date ice location, strength, and motion.

4.5.2 Remote Sensing of Arctic Rivers and Coastal Sediment
Major contributions of sediment, nutrients and freshwater to the Arctic coastal zone originate from its
tributary rivers. A significant increase of nearly 10 percent in annual freshwater river flux has been
observed in 13 major rivers throughout the entire Arctic region over the last 30 years (Peterson, 2002;
Overeem and Syvitski, 2010); assessment of these fluxes to the coastal zone is a requirement for our
understanding of nearshore and shelf processes (Q1). At the drainage basin scale, GRACE data provides
insight in the Arctic water balance and freshwater flux (Frappart, 2011).
Observations at in situ river gauging stations are hampered by seasonal ice coverage, river break-up and
freeze-up dynamics, and unstable banks; thus, direct measurements are sparse for smaller river systems
along the Chukchi and Beaufort Sea coasts. The paucity of river gauge data in the Arctic (Rawlins et al.,
2006) has motivated development of satellite-based or aircraft-based techniques to quantify river discharge
based on varying inundation of the river channel or measurements of water surface elevation, crosssectional flow width, or bankfull depth (Brakenridge et al., 2007; Smith and Pavelsky, 2008; Mersel et al.,
2013; Overeem et al., 2015). Remote-sensing-based river discharge measurement techniques are
employed using a variety of satellite sensors, including synthetic aperture radar (e.g., Smith et al., 1996),
altimeters such as TOPEX-Poseidon, ERS-2, and ENVISAT (Papa et al., 2010), reflectance in the nearinfrared band of MODIS (Overeem et al., 2015), Landsat (Hudson et al., 2014), and brightness temperature
ratios from the passive microwave sensors AMSR-E and AMSR-2 (Brakenridge, 2012; 2014). The morethan-daily temporal sampling allows ice-out and ice cover establishment to be very accurately measured in
time and over very large geographic areas or along long river reaches. Approaches to detect river-ice
break-up in spring have been established also with MODIS and AVHRR (Pavelsky and Smith, 2002) and
are now undergoing validation with AMSR-2 data.
Water density variations on arctic shelves are primarily influenced by salinity variability due to the
generally low temperatures (<5oC) and large range in salinities encountered due to river runoff, ice melt,
and oceanic source waters. Hence, the dynamically important density gradients (stratification and fronts)
are determined by salinity. Sea surface temperature (SST) maps are easily measured remotely from
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airborne or satellite platforms, but SST features may not be co-located with sea surface salinity (SSS)
variations. High precision, multi-beam passive microwave radiometers capable of remotely sensing SSS
exist. Indeed, satellite measurements of global salinity are now underway (Lagerloef et al., 2008) from the
SMOS mission, but these may be of limited use in the Arctic coastal zone because of their coarse
horizontal resolution (~50 km), reduced sensitivity in colder waters and land-water interference.
Suborbital sensors will help cover this gap (see section §4.5.5).
The use of spectral reflectance data (MODIS and Landsat thematic mappers) to assess nearshore
suspended sediment concentration in estuaries and coastal regions is widespread (e.g., Nanu and
Robertson, 1990; Miller and McKee, 2004; Doxaran et al., 2012). River plumes and suspended sediment
concentrations have been successfully mapped and related to river discharge and in-situ suspended
sediment (e.g., McGrath et al., 2010; Hudson et al, 2014). Robust retrieval algorithms of suspended
sediments within river plumes surrounding Greenland have been established (Chu et al., 2009; Hudson et
al., 2014). Novel algorithms for processing of MODIS visible wavelength bands 1 and 2 have improved
the detection of turbid water in imagery with low cloud cover (Hudson et al., 2016). Interestingly,
sediment dynamics allow inferences of river dynamics and ice sheet processes (Chu et al., 2009; McGrath
et al., 2010). Advances in these promising techniques will improve mapping of change and quantification
of trends in suspended sediments across temporal scales (Q3).

4.5.3 Improvement of Retrospective Analyses from Current and Past Ocean Color
Sensors
Quantifying biogeochemical processes in a rapidly changing coastal Arctic requires developing the best
possible understanding of these processes, as they have changed over the last several decades (Figure 4.6).
Legacy ocean color instruments have provided continuous and mostly overlapping measurements from
low-Earth orbit (LEO) over the last ~20 years (Table 4.3). Nevertheless, the coastal Arctic environment,
like many other coastal areas, manifests optically complex waters with runoff from several distinct river
basins. The picture is complicated by strong seasonality in runoff, the formation and destruction of fast
ice, and the movement of the ice pack, all of which continue to change along with Arctic warming. Above
all, the remoteness of the region and pervasive cloud cover and fog result in a limited number of matchups
between field measurements and satellite overpasses. The limited number of matchups affects the
development and validation of derived products like chlorophyll and primary production (Hill et al., 2013;
Matrai et al., 2013; Lee et al., 2015), and may mask changes and trends during the last decade. The NASA
ICESCAPE and MALINA projects have provided invaluable bio-optical data primarily for offshore waters
of the Chukchi and Beaufort Seas. The Arctic-COLORS field campaign will measure the optical
complexity of the coastal zone along the study area, improve our understanding about the relationships
between ocean biogeochemical variables (Q1, Q2), inherent optical properties, and remotely sensed
parameters, and acquire data to improve atmospheric correction of ocean color.
Specific information on atmospheric composition (aerosol properties and absorbing trace gas
concentrations) will allow for selection of the most appropriate approach for atmospheric correction (e.g.,
selection of appropriate aerosol models). Further improvements in atmospheric correction algorithms will
also be needed to resolve the impacts of high solar-zenith angles (SZA) prevalent in the Arctic as well as
complex aerosol properties and turbid waters. The higher SZA common to high latitudes result in a lower
effective ocean signal because of greater scattering of light resulting in a thicker atmosphere due to the
longer pathlengths sunlight travels through the atmosphere to reach the ocean and then the ocean signal to
reach the top-of-the atmosphere (TOA). Water-leaving radiances comprise roughly 5-11% of the
radiances measured at TOA within an SZA of 30° but <1-4.5% at SZA >70° (IOCCG, 2015). Thus, small
errors in the atmospheric correction become magnified at higher SZA. This is why the defaults in standard
atmospheric correction processing are limited to <70° SZA. Furthermore, standard atmospheric correction
approaches rely on radiative models with plane-parallel atmosphere/geometry as opposed to a spherical-
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shell atmosphere, which would account for the effects of earth’s curvature (Gordon and Wang, 1994;
Ahmad et al., 2010; IOCCG, 2010). The spherical-shell models would better account for Rayleigh and
aerosol contributions to the TOA signal at higher SZA (IOCCG, 2015).
The aerosol properties of the Arctic region can be quite complex and impact the quality of ocean color
retrievals. Atmospheric circulation at sea level is highly seasonal in the Arctic, dominated by a strong
cyclonic (though asymmetric) vortex in winter that is replaced by a circum-Arctic easterly flow in summer.
These modes promote differential transport of natural and anthropogenic continental aerosols that are
present mostly in winter and spring into June (“arctic haze”—black carbon, dust, industrial pollution)
(Quinn et al., 2007) and mostly absent in summer (marine, sulfate, organic aerosols). Forest fires from
Alaskan and Canadian boreal forests regularly now contribute smoke particles to the Beaufort Sea
(Smirnov et al., 2011). Volcanic material from major volcanic eruptions also contribute to Arctic aerosols.
Historical and current characterizations of aerosol properties found over the coastal Arctic can be applied
to improve aerosol model selection in the atmospheric correction processing. While these aerosols have
direct and indirect climatic effects through scattering of solar radiation and cloud albedo, respectively, a
small increase in summer aerosol loading can substantially enhance cloudiness (Mauritzen et al., 2011),
and affect the specific atmospheric correction algorithm to be applied.
A number of bio-optical algorithm issues can be confronted with more extensive and complete sets of
optical field measurements with the most modern measurement techniques and modeling approaches.
Inadequate accounting for molecular (elastic) scattering of water at lower temperatures (Zhang and Hu
2009) and wide-ranging salinity (Morel, 1974) can reduce the accuracy of satellite remote sensing
retrievals of inherent optical properties (IOPs) in Arctic waters (IOCCG, 2015). The standard ocean color
satellite algorithm (OC4 or OC3) overestimates chlorophyll-a (Chl-a) in the Arctic Ocean with an average
bias of 150% (IOCCG, 2015). The high levels of CDOM in the Arctic seas, which reduce water-leaving
radiances in the blue portions of the spectrum, has been suggested as the cause for satellite Chl-a
overestimation (Matsuoka et al., 2007; Ben Mustapha et al., 2012). The method for measuring Chl-a in
situ could be critical in the development of more accurate algorithms. The Chl-a measurements by the
fluorometric measurement techniques yield significantly higher Chl-a than by high-performance liquid
chromatography (HPLC), which is generally accepted by the ocean color community as the most accurate
method if accomplished by a quality assured laboratory (IOCCG, 2014). Progress is being made in
satellite retrieval of CDOM absorption coefficient and other IOPs, but a more concerted effort by ArcticCOLORS in the nearshore and coastal seas (extensive field measurements to tune and validate IOP
models), in combination with advances in atmospheric correction, will further improve satellite retrievals
of ocean color products (e.g., Zheng et al., 2014; Matsuoka et al., 2017). Lower phytoplankton specific
absorption coefficient at 440 nm observed for the Arctic compared to temperate and tropical latitudes is
due to the presence of larger phytoplankton cells adapted to lower light conditions and hence greater
pigment packaging effect on phytoplankton absorption within Arctic waters (IOCCG, 2015 and refs.
therein). Various processes including river discharge, melting of sea ice, and sediment resuspension
within the coastal Arctic contribute to the complex optical property conditions typically observed, such as
high CDOM and detrital particle absorption and high particle backscattering. However, to improve
retrievals over turbid waters, the short-wave infrared bands (SWIR) present on MODIS and VIIRS sensors
can be applied as well as adjustments in threshold values for flags in the level-2 processing of satellite data
(Wang and Shi, 2009; Aurin et al., 2013).
Accurate estimation of net primary production (NPP) in the Arctic Ocean with satellite-based algorithms is
challenging due the presence of high CDOM and detrital absorption, non-uniform vertical distribution of
phytoplankton, under-ice phytoplankton blooms that cannot be observed with ocean color remote sensing,
and insufficient understanding of Arctic phytoplankton physiology. Arctic-COLORS will also contribute
to our current knowledge base of phytoplankton physiology parameters to improve estimates of satellitederived NPP.
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The effects of sea ice and clouds on ocean color satellite retrievals from the adjacency effect and sub-pixel
contamination can be mitigated. Preliminary solutions for Arctic-specific flagging were recently proposed
through the application of different NIR threshold for clouds and sea ice detection and SWIR band at 1240
nm for clouds (Belanger et al., 2007; Wang and Shi, 2009). The POLYMER (Steinmetz et al., 2011)
atmospheric correction processing model could be applied to correct for adjacency effects due to presence
of clouds or sea ice. Higher resolution bands (MODIS and VIIRS) and sensors (MERIS, OLCI, MSI, OLI)
can help to confront the sub-pixel contamination and adjacency effect issues. Nevertheless, the topic of
sea ice and cloud contamination requires further work (IOCCG, 2015).
Data fusion from multiple contemporaneous sensors, 8-day and monthly composites, and improvements in
atmospheric correction approaches to extend retrievals to higher SZA (75° or more) will resolve a
significant portion of the lack of coverage issue due to cloud cover and atmospheric correction processing
failure. For example, 8-day SeaWiFS 2003 ocean color composites of the Chukchi and Beaufort Seas
illustrate that 40% or more of the pixels are cloud-free between early June to mid-Sept (IOCCG, 2015).
Specifically for the coastal Arctic and the month of June 2010, MERIS acquired between 50 and 100 clearsky observations that could be applied for producing 8-day and monthly ocean color composites (IOCCG,
2015).
We expect that VIIRS (on Suomi NPP, JPSS-1, and JPSS-2), OLCI (on Sentinel 3A, 3B, and 3C), SGLI
(on Shikisai), and the Ocean Color Instrument (OCI) on PACE will be collecting data during the ArcticCOLORS field campaigns. Data sets will then be applied to revise current ocean color algorithms and
reduce and quantify the uncertainty in coastal retrievals. Multiple regional algorithms for ocean colorderived products may be necessary to account for the variability in bio-optical conditions found in the
Arctic Ocean. Given the high stakes of these measurements, we support the idea of multiple groups
collecting similar measurements, and strongly suggest the collection of replicate samples.

4.5.4 Development of Remote Sensing Approaches to Exploit New and Future
Capabilities
Beyond the refinements to current algorithms, ocean color research in coastal regions is limited by the
spectral and spatial resolution of current sensors. Fortunately, recently launched and future ocean color
sensors, ESA's OLCI, JAXA’s SGLI, and NASA's PACE [see acronym list in Appendix 8.4], will offer
improvements in spectral and spatial resolution and will overlap with the proposed Arctic-COLORS timeframe to provide unprecedented spectral coverage and signal-to-noise ratios (SNR) appropriate for ocean
color measurements. ESA’s OLCI sensor, flying on Sentinel-3A (launched in February 2016) and on
Sentinel-3B (launch planned for 2018), will provide extended spectral band coverage at moderate spatial
resolution (21 bands from 400 to ~1020 nm, at 300 m near the coast). The Second-generation GLobal
Imager (SGLI) planned for launch in December 2017 will extend into the UV with a 380 nm band and
provide 250 m spatial resolution (Table 4.3). SGLI has several SWIR bands that would be useful for
atmospheric corrections in highly turbid environments such as the Mackenzie River plume in addition to
the heritage NIR bands. PACE is expected to have hyperspectral capabilities from 350–890 nm (~5 nm
bandwidths) with several SWIR bands and a spatial resolution of ~1 km2.
The new generation of high spatial resolution optical imagers with improved spectral resolution and
radiometric sensitivity offer new opportunities to monitor coastal, river, and near-shore waters. In fact,
Sentinel-2 (2A was successfully launched June 2015 and 2B in March 2017), Landsat-8 (launched in
February 2013), and Landsat-9 (planned launch date of December 2020) appear to have capability useful
for coastal and inland waters (Pahlevan and Schott, 2013; Vanhellemont and Ruddick, 2014; 2015; Franz
et al., 2015) and, when combined, will have revisit frequency close to daily at high latitude. These sensors
are particularly useful to map suspended particulate matter (SPM) at river mouths and along the coastline
where coastal erosion is important. Both sets of sensors have NIR and SWIR capabilities. These sensors
can be used in synergy with coarser spatial resolution ocean color sensors to provide a continuum between
land and ocean of key biogeochemical parameters. Quantification of CDOM absorption and/or
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phytoplankton pigments using Sentinel-2 and Landsat-8 remain to be fully assessed (e.g., Slonecker et al.,
2016).
Table 4.3. Ocean Color Satellite Data Time Series and Sensor Characteristics. (Sensors with ocean color
potential also listed).
Sensor

Ocean Color Data
Time Series

Spatial
Resolution at
nadir

Ocean Color
Spectral Bands
(nm)

Global
Coverage

Agency

SeaWiFS

9/1997 to 12/2010

~1 x 1 km

412, 443, 490, 510,
555, 670, 765

2-day

NASA/Geo Eye

MODIS-Aqua

6/2002 to present

~1 x 1 km

412, 443, 469, 488,
531, 547, 555, 645,
667, 678, 748

2-day

NASA

MODIS-Terra

2/2000 to present

~1 x 1 km

412, 443, 469, 488,
531, 547, 555, 645,
667, 678, 748

2-day

NASA

MERIS

6/2002 to 4/2012

300 x 300 m

412, 443, 490, 510,
560, 620, 665, 681,
709

2-3 day

ESA

VIIRS

~2/2012 to present
(Suomi NPP)

750 x 750 m across
full swath

410, 443, 486, 551,
671

Twice/day

NOAA/NASA

30 x 30 m

443, 482, 561, 655

~16 days; ~5
days at ~73oN

NASA/USGS

300 x 300 m

400, 412.5, 442.5,
490, 510, 560, 620,
665, 681, 709, 754

2-3 days

ESA

10 to 60 m

443, 490, 560, 665,
705, 740, 783

~10 days per
sensor

ESA

11/2017 to present
(JPSS-1)

OLI

3/2013 to present
(Landsat 8)
Launch 2020
(Landsat 9)

OLCI

2/2016 to present
(Sentinel 3A)
Launch 2018
(Sentinel 3B)

MSI

6/2015 to present
(Sentinel 2A)
3/2017 to present
(Sentinel 2B)

SGLI

12/2017 to present
(Shikisai)

250 x 250 m

380, 412, 443, 490,
530, 565, 670, 763

2-day

JAXA

PACE OCI

Notional launch
August 2022

~1 x 1 km

Hyperspectral 350890

2-day

NASA

The Arctic-COLORS field campaign will include efforts to develop regional algorithms specific to
Sentinel-2 and Landsat-8 and -9 high spatial resolution (10 and 30 m respectively) and OLCI, SGLI, and
PACE spectral capabilities, including possible expansion of the standard ocean color products to offer
innovative approaches to the Arctic-COLORS research questions. In the case of OLCI, Arctic-COLORS
will benefit from its satellite overpasses (~10/day with two satellites). Although a field campaign does not
guarantee any number of matchups, coincidence with the satellite overpasses will be capitalized upon. As
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in the case of legacy sensors (SeaWiFS, MERIS,
MODIS), new Arctic-specific algorithms and
evaluation of atmospheric correction approaches
for OLCI, SGLI, and PACE in coastal
environments will be essential. Issues regarding
the applicability of low-resolution ancillary data to
moderate resolution imagery will also be
addressed. In addition, we note that the
development of new optically-based algorithms
during Arctic-COLORS will be applicable to
measurements from a variety of in situ platforms,
including ship-based, airborne, and autonomous,
that will complement and enhance the
observational capabilities of LEO sensors.
The Arctic-COLORS field efforts will likely
overlap with PACE, providing a unique
opportunity to support application of PACE for
Arctic research. PACE offers unprecedented
spectral resolution and extends into the UV. Of
particular interest is the capability to separate the
signals of CDOM and non-algal particles from
phytoplankton pigments, needed to better estimate
the composition and size characteristics of
Figure 4.6. A biogeochemist’s view on using remote sensing to
particulate assemblages, including phytoplankton
study Arctic processes: from land to ocean, scientists
functional types, and to determine stocks of total
hypothesize that thawing of the permafrost may
particulate matter and carbon (organic and
result in changes to the quantity and quality of
inorganic). However, PACE has the significant
carbon export—including changes in optical
challenge of extending water-leaving radiance
properties. This requires simultaneous observations
of changes in landscape and riverine properties
measurements to 350 nm. Therefore, in- and
through the seasons over extended periods at high
above-water radiometric measurements should
(<100m) and moderate (<500m) spatial resolutions.
extend to this range. Similarly, improved
Continuing with land-ocean interaction via runoff
atmospheric correction methods could allow for the
from rivers and beaches, with coastal processes
exploitation of the hyperspectral UV-VIS bands as
(transformation of organic matter, primary
well as multiple SWIR bands.
production, and phytoplankton biomass and

4.5.5 Remote Sensing from Airborne
Platforms

community succession) requiring observation at high
to moderate spatial and temporal resolutions (diurnal
cycles to weekly composites) during process studies.
Decadal analyses require monthly composites at
lower spatial resolution (500 m–2 km). Significant
advancements prescribe adoption of hyperspectral
imagery. Graphic artist enhanced Landsat 7 ETM+
image of the Yukon Delta from September 22, 2002
[Satellite Image credit: NASA Earth Observatory].

Remote-sensing observations of the Arctic with
UV-VIS-SWIR sensors from LEO are constrained
by cloud cover and solar angle. The use of LEO
sensors limits measurements to several months
around the summer, and the limited number of
consecutive overpasses at a fixed time constrain the applicability of LEO sensors to study fast-paced
coastal processes. Moreover, even moderate spatial resolution sensors (~300 m) may not offer enough
resolution to study inland waters and processes near the ice edge. To address these challenges, ArcticCOLORS will deploy well-characterized and calibrated airborne hyperspectral systems (Table 4.4) with a
minimal spectral resolution comparable to OLCI, and an optimal spectral resolution comparable to PACE.
Signal-to-noise ratios should be appropriate for ocean color measurements. Several of these hyperspectral
airborne sensors (PRISM, GCAS, GEO-TASO, MOS+P) have been flown for the production of remotesensing reflectance over water and make atmospheric corrections. Their high spatial resolution (typically
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~20 m to 50 m, depending on flight altitude) permits hyperspectral UV-Vis-NIR ocean color retrievals
within small bodies of water, close to shore, between patches of sea ice, and near the ice edge. Overpasses
concurrent with field observations will be used to validate the airborne data, which in turn will be used to
address Arctic-COLORS science questions. Clearly, the validation of the airborne data is not in itself a
goal, but a means to extend remote-sensing coverage over the study domain during Arctic-COLORS.
Table 4.4 List of Airborne Ocean Color Instruments in Consideration for Arctic-COLORS (not an exhaustive list).
Instrument1

PRISM

GEO-TASO
GCAS2

Spectral
Range

Spectral
resolution

#
Spatial
Pixels
1,000

FOV
(°)

Mass
(kg)

Volume
(m^3)

Platform

Owner/
Operator

Notes

350–1054
nm and 2
discrete
SWIR bands
at 1.2 and
1.6 um
290–388
nm; 412695nm
300–490
nm; 480–
900 nm

3.5 nm

31

20

0.5

Airplane

JPL

Two focal planes

0.36;
0.73nm

1,000

45

200

1.5

Airplane
(B-200)

GSFC

0.8; 1.6

1,000

45

40

0.17

Small
airplane
to UAV

GSFC

Two focal
planes, push
broom system
Two
spectrometer
push broom
system
4-slit
spectrometer (1
total intensity; 3
polarized, 0°,
90°, 135°), push
broom system
Multiple line
scanning
spectrometers

MOS+P3

410-890 nm

2-10 nm
variable
over
spectral
range

2000

25

100

0.43

Airplane
(B-200,
UC-12B,
twin
otter)

GSFC/Ball

Air-Shrimp4

300–900 nm

2.5 nm

11

5

10

0.25

Small
airplane
to UAV

GSFC

G-LiHT

420–950 nm

5 nm

1,000

50

20

0.5

Small
plane

GSFC

System includes
a canopy lidar
and a thermal
channel

1 Other sensor technologies such as lidar among others should be included in the Arctic-COLORS program.
2 GCAS at 8.5 km altitude provides a 7 km-wide swath and spatial resolution of 40 m x 80 m
3 MOS+P at 8.5 km altitude provides a 3.7 km-wide swath and spatial resolution of 25 m x 50 m
4 Air-Shrimp is a line scanner (collects data for a single spatial pixel along the flight track); all the other sensors are “pushbroom” type,
meaning that multiple spatial pixels are imaged simultaneously across the flight track as the sensor moves along the flight track.

In addition to passive radiometric sensors, airborne lidar will provide valuable data to address ArcticCOLORS objectives. For decades, airborne lidars have provided vertically resolved gradients of
particulate scattering at very high vertical and horizontal resolution (for some systems, as high as 1-m
vertical and 30-m horizontal resolution) (Churnside and Marchbanks, 2015). Advanced high spectral
resolution lidars (HSRLs) optimized for ocean profiling provide the profile of diffuse attenuation
coefficient (Kd) along with more accurate particulate backscatter. Gradients in Kd and particulate
backscattering can be used to identify vertical and horizontal properties of river plumes and identify layers
of low salinity water from ice melt over ocean water (Q1, Q2). A two-wavelength lidar sensor (355 and
532 nm) may provide some discrimination of particle size and the factors controlling attenuation (e.g.,
CDOM versus chlorophyll absorption). Polarization sensitivity may provide discrimination between
plankton and sediments. In addition, the advanced HSRL instruments are capable of determining meltpond depth and providing estimates of freeboard at ice edge and where leads exist. These advanced
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instruments also provide detailed characterization of the overlying atmosphere, including cloud vertical
and horizontal distribution and optical depth for non-opaque cloud, aerosol optical depth, and vertically
resolved information on aerosol type, layer optical depth by type, and microphysical properties (Burton et
al., 2013; 2014; Müller et al, 2014). This information can be used to determine boundary layer height
(Scarino et al., 2014), discriminate between boundary layer and free troposphere aerosol properties, inform
inferences of source attribution (e.g., pollution transport from Asia versus biomass smoke), and assess or
improve the predictions of chemical transport models. Thus far, airborne lidar sensors have been deployed
in the Arctic to measure landscape changes including coastal erosion, snow levels and permafrost (Q1,
Q2). For example, Jones et al. (2013) applied repeat airborne lidar data from 2006 and 2010 along the
Alaskan Beaufort coast and measured landscape changes (0.55 m change in landscape height) that could be
attributed to permafrost degradation as well as erosion and deposition from river, delta, beach, and sand
dune-related processes. Airborne systems offer the advantage of flying under low cloud ceilings (given
suitable flight ceilings), high spatial resolution, and flexible overpass schedules. Airborne lidar retrievals
are immune to interference from atmospheric aerosols, can be made through tenuous clouds and between
clouds, in regions dominated by pack ice (e.g., 90 percent ice coverage), and under any lighting condition
including night.
The physics of microwave remote sensing of sea surface salinity is well known and depends upon
measuring the microwave emission (emissivity or brightness temperature) from the sea surface at a variety
of wavelengths. Emissivity is a function of salinity (Klein and Swift, 1977) and temperature. By
measuring microwave emission at several wavelengths (including within the infrared band) the
temperature effects on emissivity can be determined and eliminated. Airborne microwave multi-channel
radiometers provide a potential remote-sensing capability of SSS for the Arctic coastal zone that can fly
below clouds and provide higher spatial resolution. Several of these instruments have been developed and
applied successfully in a variety of mid- and low-latitude settings (Le Vine et al., 1998; Wang et al., 2007).
Although the accuracy is relatively low (~1 salinity), the large range in surface salinities in summer (~10–
30) suggest that the airborne SSS sensor would be a valuable tool in mapping fronts and eddies in the
Arctic coastal zone, especially when used in conjunction with in-situ measurements. However, highlatitude tests of the airborne SSS sensors have not been made and the accuracy of the instrument may be
lower at the relatively low temperatures (-1°C to 5°C) typical of the Arctic.
In summary, airborne sensors can be used to complement process studies that require multiple
observations through the day, at high spatial resolution to include measurement near land and the ice edge.
Emphasis will be placed on the use of UAV-based sensors (where possible) that may have the potential of
extending measurements due to their high endurance and relatively low cost.

4.5.6 Remote Sensing Risk Mitigation
Satellites have been employed to study sea ice extent over the Arctic since 1979, but recently remote
sensing has also been successfully utilized to study dynamic heights and freshwater content in the Arctic
(e.g., Morison et al., 2012). As seasonal sea ice continues to decline, more extensive areas of open water
are emerging for longer periods of time and allowing for even more diverse remote-sensing opportunities,
including the study of biological and chemical parameters. Early studies (Doxaran et al., 2015; Fichot et
al., 2013) have already begun to show the capability of remote sensing for tracking river plumes in the
coastal Beaufort Sea as well as identifying fall phytoplankton blooms stimulated by storm activity (Ardyna
et al., 2014). However, certain limitations persist including the restriction of passive ocean color
observations to the open-water sea surface, polar night, typical heavy cloud cover, wide footprints
prohibiting high spatial resolution, and the necessity for extensive validations and development of
improved and regionally tuned bio-optical algorithms using field observations. Each limitation represents
a risk that requires specific risk mitigation approaches. Risk scenarios include, but are not limited to,
reduction in image acquisition (orbital and suborbital), reduced field data collection, elimination of one or
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more study sites, and reduced field time, with the latter three being important for remotely-sensed data
validation. These risks in turn could affect the degree to which the Science Questions are effectively
addressed, especially Q3. These risks will be mitigated using expert logistical support (see section §5.2.2),
including local knowledge, maintaining flexibility in scheduling of field work and aircraft campaigns, and
leveraging support from coincident field and ship campaigns.
By combining extensive surveys over wide areas, more highly focused process studies (from the mouths of
several large and small rivers to the outer shelf and also land-to-sea transects for four types of coastal
erosion sites), and model simulations, the limitations of remote observations can be minimized or placed
into an appropriate context. For example, Arrigo et al. (2012) reported that a highly productive
phytoplankton bloom occurred underneath thin, first-year sea ice on the Chukchi Sea shelf at levels similar
to what has previously been observed for open water or ice edge blooms; at the time, however, production
in the open waters was much lower, likely due to nutrient limitation and/or intense stratification (Tremblay
et al., 2015). The authors suggested that melt ponds occurring on the sea ice allowed for a greater
penetration of light through the ice that was sufficient to stimulate a phytoplankton bloom (Lee et al.,
2011). The results of this work and others (e.g., Matrai and Apollonio, 2013, Bergeron and Tremblay,
2014) illustrate two important points: 1) estimates of primary production in the Arctic Ocean based on
satellite observations during the open water period represent significant underestimates, and 2) there are
potential observations that can be completed using existing tools (e.g., areal extent of melt ponds,
chlorophyll concentrations in the open water during the presumed post-bloom period) that may be used to
improve primary production estimates. Extensive improvements can also be made to the bio-optical
quantification of dissolved and particulate material transitioning and transforming through the Arctic
coastal domain, as shown by NASA’s ICESCAPE and MALINA Arctic campaigns (i.e., special issues in
Deep-Sea Research and Biogeosciences, respectively).
In addition, and as discussed in more detail in section §4.5.5, advanced high spectral resolution lidar
(HSRL) measurements from suborbtital platforms have recently demonstrated the capability of providing
measurements of vertical structure in ocean bio-optical properties (Behrenfeld et al., 2013). Such
instruments have been recently tested and evaluated as part of past and ongoing NASA oceanographic
field campaigns, including KORUS-AQ and NAAMES. Lidar measurements could also help mitigate
risks related to cloud cover and persistent fog conditions, by providing measurements between clouds,
through significant fog and cloud cover, and measurements that can be made both day and night (though
Arctic-COLORS will benefit from the long Arctic summer days).

4.5.7 Remote-Sensing Science Applications
Efforts associated with Arctic-COLORS should include explicit use of satellite imagery to address issues
of ecological importance, including coastal water quality, monitoring and assessment of risk of introducing
invasive species through introduction of ballast water, perturbation of coastal food webs, and habitat
change. Practical applications could also be extended to address key societal issues and needs in the
coastal Arctic region, including coastal erosion, ice mapping and ship navigation, resource exploration and
management, as well as identifying and monitoring areas of heightened ecological and cultural
significance (Berkman and Vylegzhanin, 2012).
Arctic-COLORS research will address a wide range of applications areas of NASA’s Applied Science
program, including 1) climate, (2) ecological forecasting, 3) water resources, 4) human health and air
quality, 5) ocean ecosystems and 6) disasters (http://www.nasa.gov/applied-sciences/). Specifically
relevant to ocean ecosystems, ecological forecasting, and hazards, the proposed integrated modeling and
observational approach would allow improved detection and tracking of harmful algal blooms, monitoring
of oil spills, impacts of coastal erosion, flood detection, and post-storm assessments (Walsh et al., 2011;
Berkman and Vylegzhanin, 2012). Remote-sensing datasets of sea ice, sea-surface temperature, seasurface height, ocean color and retrievals of changes in chlorophyll distribution are all important
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parameters that, in combination with physical and ecosystem models, can provide predictions on
zooplankton survival and distribution in the Arctic coastal zone. These, in turn, can provide information
for assessing preferable habitats for many marine mammals, subsistence-harvestable fish, and the regional
king crab fishery. Changes in environmental conditions are expected to result in substantial in and out
migration of different marine species, affecting coastal food webs and ecosystem functioning; a better
understanding of how timing and magnitude of blooms will change in the future—a key objective of
Arctic-COLORS—will allow better prediction of changes in the higher trophic levels of the food web.

4.6.

The Key Role of Advanced Modeling Approaches

4.6.1. General Uses of Models in Arctic-COLORS
Modeling is key to addressing the scaling, integrative, and predictive components of our science questions
and, as such, a close linkage between data collection and model development will be required. Forecasting
the future impacts of climate change, and isolating the impacts of anthropogenic forcing and natural
variability requires the use of models (Q3). Nowhere is this more important than in the Arctic Ocean,
where environmental change is occurring faster than anywhere else on the planet. Not only will data
inform the models (e.g., improving model reliability necessitates adequate data being available to constrain
parameter values in biogeochemical models), but these models will also inform the data analyses by
providing context for field- and remotely-sensed measurements through synthesis and interpretation.
Model evaluation and benchmarking heavily rely on independent data gathered during the campaign. It is
important that priorities for model development and validation be identified early, so as to inform the
collection of field data during the early years of the campaign. Consistent information and data exchange
between modelers and observers will be required from the early fieldwork planning stages through the
synthesis efforts in later years.
New, state-of-the-art, coupled Arctic models—including physical, biogeochemical, sea ice, and riverine
effects—developed and advanced as part of Arctic-COLORS will ultimately enable researchers to better
understand mechanisms controlling the environmental gradients observed in situ and via remote-sensing
platforms (Q1, Q2), with the ultimate goal of quantifying both contemporary and past/future conditions
along the Arctic land-ice-ocean interface (Q3). In situ observational data are sparse in both time and space
in these remote Arctic regions, and frequent cloud cover limits satellite data. As a result, scientists must
rely on numerical models to interpolate and extrapolate the available data in order to scale up from discrete
observations to a whole-system view. Numerical models are also required to quantitatively constrain
certain processes that are difficult to measure on the scales of interest to Arctic-COLORS, such as the
transport of biogeochemical constituents from their riverine sources to the coastal Arctic Ocean.
Although the need for models to address Arctic-COLORS science questions is clear, there are critical gaps
in the abilities of current models to realistically simulate the land-ice-ocean interface in the Arctic, as
discussed in section §3.3.

4.6.2. How will Arctic-COLORS advance modeling?
Arctic-COLORS is intended to lead to several significant modeling advances by allowing hydrological,
physical, biogeochemical, and sea ice model components to be evaluated against a comprehensive set of
high-resolution observations that encompass the dominant dynamical processes at the land-sea interface.
In addition, the modeling frameworks developed under Arctic-COLORS will serve to evaluate the
adequacy of existing global and regional-scale models for providing consistent open boundary forcing for
higher-resolution models in this region at monthly scales. The modeling component of Arctic-COLORS
will use state-of-the-art community standards to assure open-source modeling practices. When possible,
work will be conducted using sound protocols to standardize model parameter attributes to allow easy
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coupling between different model components, as are currently available in modeling communities such as
the Regional Ocean Modeling System (ROMS) (Melsom et al., 2009), Regional Arctic System Model
(RASM) (Maslowski et al., 2012; Hamman et al., 2017; Roberts et al., 2015), and Community Surface
Dynamics Modeling System (Overeem et al., 2005). Nesting between different model grids and the
incorporation of newly developed model components will be facilitated by adhering to best practices (e.g.,
Hutton et al., 2014) and will insure that the complex coastline, straits, and bathymetry of the coastal Arctic
Ocean are well resolved.
One of the most unique challenges associated with the Arctic-COLORS modeling effort will be to
realistically simulate the impact of riverine discharge (both physical and biogeochemical) on coastal ocean
properties (Q1). High-resolution field and satellite observations collected during Arctic-COLORS will
provide invaluable information to identify the proper modeling tools and configurations needed to resolve
spatial and temporal variability at the land-sea interface. For example, nearshore surveys will provide
information on whether regions of weaker and more evenly distributed river discharge can be reasonably
approximated with a simplified line source approach in models. Similarly, physical, biological, and
biogeochemical observations near the mouths of major rivers (e.g., Yukon, Mackenzie rivers) will provide
a basis for determining whether a “single” modeling approach is sufficient (e.g., coastal ocean circulation
model extended into the river estuary/delta) or whether a combination of models is necessary (e.g.,
hydrological/terrestrial model coupled to coastal ocean circulation model). Both in situ and remotesensing observations during Arctic-COLORS will provide critical information for scaling studies linking
point measurements to processes at model resolutions necessary to capture spatio-temporal variability at
the pan-Arctic scale.
Because of the strong seasonal variability and the significant challenges associated with resolving the
spatial scales at which riverine inputs affect coastal ocean properties, it is expected that emphasis will be
placed first on modeling intra-annual variability. The Arctic-COLORS field campaigns will provide
reference datasets for evaluating model skill on these seasonal timescales, and in turn determine the level
of confidence with which models can simulate inter-annual and inter-decadal changes in hindcast mode.
Only then should these models be used in prognostic mode to make projections of the effects of future
climatic changes and to distinguish between future impacts of natural and anthropogenic change on coastal
ocean ecology, biogeochemistry, and biodiversity (Q3). Such evaluation is a necessary step to understand
the degree of complexity that models must include to adequately simulate the complex interplay between
physical, biogeochemical, and sea ice processes at the Arctic land-ice-ocean interface, where riverine
inputs significantly impact coastal biogeochemical variability.

4.7. Uncertainty and Error Analysis
All measurements and analyses will follow well-documented and peer-reviewed protocols. In fact, the
NASA Field Support Group is working with the U.S. and international scientific community to update the
NASA Ocean Optics Protocols developed in the early 2000s. These field measurement protocol activities
extend to biogeochemical and biological variables such as POC and phytoplankton abundances and
community composition, etc. The protocol documents will be published under the auspices of the
International Ocean Colour Coordinating Group and maintained as living documents allowing for updates
as required (http://ioccg.org/what-we-do/ioccg-publications/ocean-optics-protocols-satellite-ocean-coloursensor-validation/). The first set of protocol documents will be relased early in 2018. An implicit
component of these protocol activities is to reach consensus on measurement uncertainties and how to
quantify such field measurement errors. Rigorous adherence to these and other community-accepted
protocols will help insure consistency among measurements performed by different groups and with
measurements obtained in the past. Historical climatologies of optical variables are extremely scarce for
the Arctic, especially in the Arctic-COLORS domain. Thus, uncertainties in each measurement and model
output will need to be defined and tracked.
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There are a variety of sources of uncertainties, all to be taken into account and propagated appropriately;
measurement uncertainties will be assessed from cross-instrument comparisons (>resolution), and
uncertainties due to imperfect relationships between what we sense or measure and the proxy we are trying
to obtain (e.g., POC from beam attenuation at 660 nm, nitrate from absorption in the UV). These require
that we collect a sufficiently large set of measurements for comparison. We can use the limited data
available from previous studies with care, because few exist for Arctic waters in multiple locations and
seasons. Remote-sensing algorithms have their own uncertainties (propagated from measurements through
a variety of models) that also require a significant number of independent match-ups to constrain them.
To minimize systematic errors in Arctic coastal waters, it is critical to revisit algorithms and assess and
remove potential sources of bias (e.g., treatment of blanks, assumption about water properties in remotesensing algorithm). Uncertainties in measurements should also be assessed with pre- and post-deployment
calibrations, cross-calibration between similar sensors in the field and by cross-comparing variables that,
while fundamentally different, should be related (e.g., carbon and chlorophyll in the upper ocean). With
respect to measurements on autonomous platforms, cross-sensor intercomparisons, measurements at depth
and comparison to surface measurements (be it from a research vessel or remote sensing) will provide
indication of sensor stability.
The numerical models developed and advanced as part of Arctic-COLORS will also provide a robust
framework via which sources of uncertainty in in situ and remote-sensing observations can be evaluated.
For example, ensemble calculations with different sets of forcing functions (e.g., winds) or biogeochemical
parameters (e.g., growth and grazing rates) can prove useful to determine expected uncertainty in
environmental properties at various spatial and temporal scales (Fiechter, 2012). Furthermore, such results
could help focus attention for the field campaign on certain processes or rates that yield substantial
uncertainty in model solutions.

4.8.

Integration and Scaling

Integration across all measurements from different platforms, disciplines, scales, and environments is a key
component of Arctic-COLORS and a critical aspect both in the proposed science and implementation
plans. Synthesis and integration activities will take place throughout the duration of the field campaign.
While we expect that funded researchers in Phase II will engage in integration activities with their natural
cohorts, the Phase III synthesis effort is specifically included with a large enough time and funding
investment to tap into larger integration efforts across all disciplines, while Phase I provides an opportunity
to integrate previous work and existing field and remote-sensing datasets and modeling products into
Phase II projects (Figure 5.1).
In order to facilitate integration, it will be necessary to include core measurements in most projects
collected by agreed upon standard methodologies, ideally with links to past methodologies employed in
Arctic research, but also applying the latest advancements in field and lab measurement approaches and
technologies. Synthesis efforts and spatio-temporal extensions of datasets are significantly hampered by
methodologies that are not easily compared or gaps in the data. Modeling will be key to addressing the
scaling and integrative (as well as predictive) components of Arctic-COLORS (see section §4.6).
Measurements collected during the proposed intensive and synoptic field studies will be used to improve
and develop new parameterizations or new components for coupled Arctic models, which will then be
applied to scale up fluxes and processes in both the temporal and spatial domains. Strong interaction
between modelers and observers will thus be required from the early fieldwork planning stages (beginning
of Phase II) through the synthesis efforts (Phase III).
In addition to integration efforts internal to Arctic-COLORS, a primary objective for the project should be
integration with current and future oceanographic and terrestrial field campaigns in the region that are
complementary. The more substantial of these efforts are detailed in section §5.4. This coordination and
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integration with international interdisciplinary field programs in the Arctic will not only allow to scale-up
our findings temporally and spatially, but it will also extend the applications value of Arctic-COLORS
observations and modeling tools.
Finally, a key rationale for implementing this project through NASA is the ability to use past, present, and
future remote-sensing data for scaling purposes. Validation of data products with ground measurements
enables both spatial and temporal scaling, which allows snapshot and seasonal sampling to address climate
change, or synoptic and transect sampling to give continuous spatial coverage that can be utilized in
regional process models and regional fluxes.

5.0| Implementation Plan and Project Management
5.1.

Arctic-COLORS Project Timeline

The notional duration of Arctic-COLORS is approximately 10 years and includes three phases (Table 4.2
and Figure 5.1). Phase I involves a two-year pre-Arctic-COLORS activity to compile prior field and
remote-sensing data sets and provide a hindsight, insight and foresight to those Arctic-COLORS questions
for which some data exist. Phase II represents the main portion of the program and encompasses two sets
of four-year research projects over a six-year period that overlaps in time between 2022 and 2028. These
research projects will accomplish the primary science of the program including the fieldwork, field data
analysis, model development and evaluation, and satellite data analysis. Phase III will be a two-year
synthesis period to complete the Arctic-COLORS program.

Launch in 2022
Arctic Boreal Vulnerability Experiment 2015-2024
ABoVE 1st solicitation

Sentinel North (U. Laval, Canada) ~2017-2023

Phase IIb:
Field Work, RS, models
Yr3
Yr4

Yr3

NASA
SDT

Phase I
Pre-work

SepFeb

1-2 years

Yr4

Phase IIa:
Field Work, RS, models
Yr1

Yr2

Yr3

2015 2016 … 2018 2019 2020 2021 2022 2023 2024

Yr4

Yr5 Yr5

Yr6
Yr6

Phase III: Synthesis
activities
Yr7

Yr 8

2025 2026 2027 2028 2029 2030

RS Water Quality

Figure 5.1. Notional timeline for the Arctic-COLORS program with the pre-work in Phase I (purple) between 2020 to 2022, the
formal program begins in 2022 with the 4-yr Phase IIa (field work activities represented by the teal outline), Phase IIb
2024-2028 (field work activities represented by the teal outline teal outline), and Phase III synthesis (2028-2030). RS
Water Quality refers to a recently funded NASA project in preparation for Arctic-COLORS supported through the
Remote Sensing of Water Quality program.

55

5.2. Required Resources: Planning and Funding
Arctic-COLORS will be a large multi-year, multi-disciplinary project with many deliverables and many
participants charged with developing rich datasets and new remote sensing and modeling capabilities.
Successful implementation of Arctic-COLORS will require resources commensurate with the specific
tasks to be completed. Requirements are expected to be modest in the planning and synthesis phases, and
most demanding during the proposed Arctic fieldwork. During the fieldwork phase, funds will be required
to ensure that all logistical considerations are met, including Arctic safety training, transport of personnel
and equipment to and in the field, permits, and housing among others. Considerable resources will be
required for ships, coastal vessels, land-based field stations and attendant logistics, sub-orbital platforms
and their staging, data management and repositories, and satellite data and model support. Personnel
directly tied to NASA OBB or Headquarters (HQ) will also be needed to administer the program.
Following the NASA process, a Science Definition Team (SDT) will be selected who will finalize the
scientific objectives and decide on the final experimental plan.

5.2.1 Required resources and budget estimate
To meet the goals set out, Arctic-COLORS requires a 10-year funding timeline and considerable resources
for three phases (planning, fieldwork, modeling, and synthesis) that will require ship and aircraft time,
over-the-snow/all-terrain vehicles, extensive and intensive logistical support, data management, project
office costs, and most importantly, support for a wide range of scientists and their groups to participate in
this study. Preliminary estimates were made for each program element. The total cost for ArcticCOLORS based upon this analysis is roughly $79.7M (see section §8.1 for details). The components and
costs used in this preliminary budget estimate are summarized as follows.
Table 5.1. Summary of Costs for Arctic-COLORS. See section §8.1 for details.
Category

Cost ($K)

ROSES Awards to Science Teams

40,050

(Pre-Arctic-COLORS, Field Campaign and Modeling, and Synthesis)
Ships, Helicopters, All-Terrain Vehicles

25,173

Airplane Remote Sensing

9,480

Project Management

5,000
TOTAL Costs of Arctic-COLORS

79,703

Ship time: Approximate day rates for small ($15K/day), medium (perhaps ice-enforced) ($45K/day), and
large (ice-capable) ($55K/day) vessels were applied. For process studies, the expected days per year
required are 56 for small, 60 for medium and 38 for large vessels, reflecting 2–4 cruises per vessel size
(due to required seasonal coverage) in four different regions of the Arctic-COLORS study domain per
year. For survey cruises, either small or large vessels will be used for 37 and 28 days per year,
respectively, and repeated over three regions. Over four years of Arctic-COLORS fieldwork, these costs
are estimated to total $23.2M or about 29 percent of the total.
Helicopter and all-terrain vehicles: Approximate day rates for helicopters are $5K/day for 120 days per
year of field sampling (four regions and three seasons) for an estimated total of $1.8M. In addition,
extensive use of over-the-snow/all-terrain vehicles (ATV) in winter and spring, given the terrain, will
require approximately $200K. For the 4-year duration of the fieldwork, the combined total costs for
helicopter and ATV time are estimated at $2M or about 2.5 percent of the total.
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Aircraft remote-sensing time: Approximate day rates for airplanes of 15.2K/day for 50 days per year of
field sampling (four regions and three seasons) and aircraft-specific logistics ($600K per season per year)
for an estimated total of $9.5M or about 12 percent of the total cost. The airplane daily cost estimate is
based on information provided by Glenn Research Center and assumes a Ken Borek Air Twin Otter
aircraft (see §8.1 for further details).
PI costs: The largest costs for Arctic-COLORS are related to the scientists and labs conducting the study.
The PIs will be responsible for the wide range of measurements, observations, modeling, remote sensing,
and synthesis activities detailed above. We have tentatively estimated that roughly 49 percent of the
budget, or about $40M, would be needed to support three research groups for two years each in Phase I;
two groups of 14 research projects in Phase II for four years each (28 projects in total); and five research
groups in Phase III for two years each. As might be expected in a field intensive program conducted in a
remote location and often under inhospitable conditions, Arctic-COLORS costs would be higher on
average for PIs and their labs during the field-oriented Phase II, and should be lower in Phases I and III. It
is essential that the PIs (chosen through peer review) cover the full range of expertise needed to implement
the three questions posed by Arctic-COLORS. The costs per group are not expected to be equal. Core
groups would need to be supported in order to commit to a multi-year field program of this magnitude.
When different scoping options are considered in order to build the strongest program, maintaining this
range of PI skills will be paramount to the success of Arctic-COLORS.
Project Management: The Arctic-COLORS project office would coordinate the implementation of the
project, including logistics; training activities; teleconferences, meetings, workshops for participants; and
data management (including data repository). Project office tasks could be accomplished by a single
concentrated entity such as elements of the NASA Carbon Cycle and Ecostystems Office (CCEO)—as
done for ABoVE— or a virtual project office composed of multiple organizations to accomplish these
tasks as done for EXPORTS. The Earth Science Project Office (ESPO) at NASA Ames is supporting
various logistics tasks—as done for EXPORTS—including shipping for the field campaigns and meetings.
In the EXPORTS case, the data management, including quality evaluation and archiving, is being managed
within the Ocean Ecology Laboratory (OEL) at Goddard Space Flight Center. The NASA project scientist
for EXPORTS, Dr. Ivona Cetinic (OEL GSFC), contributes to the coordination of the field campaign along
with the EXPORTS Science Lead, Dr. David Siegel. For Arctic-COLORS, one possible scenario for the
project office would be a hybridized version of ABoVE and EXPORTS. The entity that is supporting
ABoVE (NASA CCEO) would provide training activities for working in the Arctic and logistics for ships,
boats, ATVs, local facilities, and travel for participants, while ESPO would manage the airborne
measurement activities, shipping of equipment and samples, meetings, and workshops. Data management
of field data would be carried out by the OEL at GSFC, while the airborne data archive would be handled
by NASA Langley Research Center (LaRC). These tasks would be covered by the remaining 6 percent
($5M) of this budget.
Summary: When added, a preliminary estimate of the total funding needed is $79.7M for ArcticCOLORS. Alternatively, Phase 2 could be constructed as a single group of research projects with shorter
field efforts and longer project duration focusing perhaps on Tier 1 and a subset of the Tier 2 sampling
sites. For example, 20 groups of investigations could be funded over a five-year period and encompass
three years of fieldwork. Under this alternate scenario, ship-time, aircrafts, and helicopter requirements
would be reduced by a third, yielding a total program cost of approximately $62M. Cost refinements will
occur as Arctic-COLORS partnerships (Federal, international) develop. Also, it is difficult to constrain
accurate costs for aircrafts, ships, and logistics (including shipping costs) several years in advance.
Operational and supply costs in the remote Arctic are significantly higher than in other regions. The scale
of the resources needed to conduct the Arctic-COLORS field campaign as proposed is well within the
bounds of previous multi-year, interdisciplinary NASA field campaigns (cf., ICESCAPE, Ice Bridge,
ABoVE, etc.) in the Arctic region.
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5.2.2 Logistical Considerations and Risk
Management
Safety protocols: Safety is a primary concern, and it is
imperative that all personnel in the field be adequately
trained for the unique hazards of the Arctic. Field
scientists participating in the program should be given
the opportunity to obtain appropriate training for the
hazards that can be reasonably expected (e.g. cold
weather, sea ice, river crossings, small boats, wild
fauna, etc.) from commercial hazard training, such as
Learn to Return, http://www.survivaltraining.com. NSF
has been encouraging the development of formal
training and risk management protocols (see
http://rslriskworkshop.com/), especially in the context
of small watercraft, over-the-snow/all-terrain vehicles,
remote field camps, and aircraft and helicopter charters
for transport in the field. Programs such as aviation
land and water egress, wilderness first aid, and
Figure 5.2. Proposed percentage of total cost by category
wilderness survival should be standard for any
for Arctic-COLORS. The total estimated cost for
researcher working in these brutal environments. Such
the project is $79.7M.
programs cannot replace experience in the field,
however. An important component of any serious safety plan must include identifying and grouping
individual researchers with the expertise needed to operate safely in these environments. This can be done
by hiring local guides, pairing researchers new to Arctic fieldwork with more experienced field researchers
or NASA logistics professionals, and hiring outside expertise from logistics service providers.
Personnel transport: In many cases, commercially scheduled south-to-north air transportation will be
adequate, although it is worth noting that west-to-east international scheduled air transportation is not
available currently (e.g., between Alaska and Yukon/Northwest Territories/Nunavut). Airlines such as
Alaska Airlines and Ravn Air provide service to major and minor communities in Alaska, respectively. In
Canada, Air North Yukon, Canadian North, and First Air provide parallel south-north services that do not
cross the international boundary.
As a result, contingencies should be allowed for chartering planes or helicopters to cross the international
border if commercial schedules are insufficient for either freight or passengers, or if it is difficult to reach
remote field sites. Several local air services readily provide fixed-wing aircraft for charter locally and
across the border (i.e. RAVN, Wrights). Helicopter service generally requires ferrying aircraft from
further south in Alaska or beyond. Logistical coordinators, such as Fairweather LLC and CH2M Hill Polar
Services, could also provide science planning and coordination assistance to NASA. Individuals such as
Andreas Heiberg of the University of Washington or services such as UIC Professional Services are
notable resources with decades of science planning experience in Polar Regions. They too may be able to
contribute significantly in planning the logistical efforts needed to implement Arctic-COLORS. These
service providers are merely examples. NASA does not endorse any specific private service providers.
●
●
●
●
●
●

http://www.alaskaair.com/content/route-map.aspx?lid =nav:planbook-routeMap
http://www.flyravn.com/flying-with-ravn/route-map/
http://www.flyairnorth.com/Experience/RouteMap.aspx
http://www.canadiannorth.com/route-map-and-flight-schedule
https://firstair.ca/book/routemap/
http://www.fairweather.com/index.html
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●
●
●

http://cpspolar.com/
http://www.apl.washington.edu/people/profile.php?last_name=Heiberg&first_name=Andy
http://www.uicprofessionalservices.com/ services/category/uic-science/arctic-science-logisticssupport/

Equipment transport: Air shipments are typically expensive and each team must plan accordingly.
Typical transport rates into Alaskan villages vary between $0.50/lb and $1.5/lb, dimensional weight, for
parcel size and shape objects, with considerably higher costs for large and irregular items. Large aircraft
(e.g. 737 combi’s) fly into Barrow, Kotzebue, Nome, and other larger towns in Alaska, enabling most
parcels to be moved. However, aircraft size is typically limited to Cessna Caravans (208’s) when flying
into smaller villages, which substantially limits the maximum size of objects that can be moved to smaller
villages. Northern Air Cargo provides jet freight service to larger communities such as Barrow, Nome,
and Kotzebue. Several companies, including Northern Air Cargo and Evertts, specialize in bulk cargo,
while RAVN and Alaska Airlines have priority parcel moving services. Services are typically available
several times a week. Other transfer options include Arctic Air Alaska (http://arcticairalaska.com) and Air
Arctic (http://www.airarctic.com/fbo/), which provide charter air services. Rental costs for vehicles, if
available, are generally high in Arctic towns and villages. In smaller villages, obtaining a rental vehicle is
quite difficult, as many towns do not have a dedicated business for renting equipment. In these instances,
it is sometimes possible to rent personal vehicles and transport services. Several companies including
Northern Transportation Company Limited (http://www.ntcl.com) also provides coastal and river shipping
during ice-free periods in the Mackenzie River basin, which is a viable option for moving larger equipment
to most small villages. If larger vessels are used, some cargo can be loaded at their home ports prior to the
field season.
Terrestrial field occupations: Much of the fieldwork requires setting up on land or ice. PIs must prepare
for one of two approaches: 1) work at a sustained ice camp for a set period of time, or 2) establish a
temporary occupation of stations on landfast or pack ice during sample collection with no sustained camp.
Although it may be necessary to process samples in the field, the transport of necessary equipment to
complete sample processing (i.e., power and refrigeration requirements) and the time spent on the ice are
risks that require careful consideration (e.g., polar bear protection, sea ice breakup hazards, etc.). Landfast
ice or the shear zone between landfast and pack ice can be dangerous during the late spring months when
river runoff is at its peak and the ice begins to break up. It may be necessary to develop a compromise that
would allow for temporary preservation of samples before processing.
Ideally, fieldwork should be scheduled to minimize the transport time of samples to a moderately or wellequipped, climate-controlled laboratory that is centrally located (e.g., Nome, Barrow, Deadhorse, Inuvik),
even if it requires multiple trips onto the ice to collect samples. Much can be accomplished with
snowmobiles and sleds. For winter and spring sampling, over-the-snow/all-terrain vehicles can be used to
transport sampling equipment (e.g., ice auger, drill strings, bottles, tubing, peristaltic pumps, and coolers)
to a number of remote sites. Once on site, a hole can be drilled and samples collected within one to three
hours (depending on complexity and number of samples collected). For colder temperatures or slightly
longer sampling processes, a small canvas tent can be erected and a portable heater powered by a gas
generator. This type of equipment is relatively easily to transport using sleds (assuming teams of two to
three snow machines with four to six people). Options to purchase versus renting such vehicles must be
considered as well as their fuel requirements, since researchers may need to bring their own fuel.
Local community involvement is critical to the success of this study. Local residents are well equipped to
traverse the ice safely, anticipate weather and ice conditions, and provide safety from bears. Including
local communities in the research, directly or indirectly, is highly encouraged when applying for various
permits and licenses. Arctic sustainability is key to local survival. Erosion is an obvious concern for many
communities, as well as changes to subsistence hunting, availability of wildlife and other country foods.
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Snowfall and stream flow supply drinking water, drive river chemistry, and modify contaminants from oil
and gas exploration. In all cases, researchers should be prepared to allow free and timely access to data
and associated project reports to the residents.
Researchers should be cognizant of the bureaucracy involved in obtaining permits and should be prepared
to apply to numerous organizations and committees. As an example that covers Canadian requirements, a
researcher working on Canadian Arctic rivers must obtain appropriate research licenses for Yukon,
Nunavut, and Northwest Territories, including: Nunavut and Northwest Territories water board
permissions, permits from Parks Canada and Environment Canada to enter national parks and bird
migration sanctuaries, environmental screening of the project to mitigate impacts, land use licenses for the
Inuvialuit Settlement region, letters of support from hunter and trapper organizations, and endorsements
from community corporations in each of the locale visited. Each party may want detailed information
about the project, including safety and mitigation strategies; potential environmental impacts requiring
knowledge of the flora and fauna that be disturbed while sampling in the proposed area; and inventories of
heavy equipment, fuel, or hazardous chemicals. The amount of time needed to properly address these
applications should not be underestimated. Fees associated with permit applications are typically small.
However, translation services may add up quickly. Standard translation fees are on the order of $0.50 per
word, and researchers are typically required to translate documents into two languages. Bear monitors and
field guides can also be expensive, around $1,000 per day. The websites listed provide more details.
●

United States: http://icefloe.net/community-primer

●

North Slope Borough: http://www.north-slope.org/assets/images/uploads
/Form_400_Study_Permit_Application_-_Instructions.pdf

●

Yukon: http://www.tc.gov.yk.ca/fr/pdf/science_research_guidelines.pdf

●

Northwest Territories: http://nwtresearch.com/

●

Nunavut: http://www.nri.nu.ca

Housing: Some communities have hotels. However, in other villages, there is no hotel or only one hotel;
during certain peak periods, finding housing can be a challenge. It is recommended that housing
arrangements be made well in advance of field operations.

5.2.3 Ships
Arctic-COLORS will require access to small, midsize, and possibly large vessels depending on the
research question being answered. For example, small to midsize vessels include the Annika Marie and
Ukpik based out of Prudhoe Bay or the larger Norseman II (http://www.norsemanmaritime.com/) or
Wolstad (http://www.supportvesselsofalaska.com/). Other ships have been used by the Office of Naval
Research-funded Marginal Ice Zone project and are often procured by industry and others in the area.
Alaska Clean Seas (http://www.alaskacleanseas.org/) can provide small boat rentals along the Beaufort
Coast as well. Timing and scheduling are critical.
A number of ice-capable ship platforms would be suitable for support of the Arctic-COLORS field
program (e.g., survey cruises), such as the USCGC Healy and the new University Oceanographic
Laboratory System (UNOLS) research vessel, Sikuliaq. The Canadian non-profit Arctic Research
Foundation (ARF; http://www.arcticresearchfoundation.ca/) maintains a few coastal research vessels (e.g.,
M/V Bergmann, ~22 m length) used routinely by Canadian scientists to operate in shallow coastal waters
during summer to early fall. Based on personal communications with Dr. Eddy Carmack and ARF CEO,
Adrian Schimnowski, these vessels also deploy small boats for sampling in very shallow nearshore waters
and into rivers. Research scientists have also used Canadian Coast Guard vessels during the past few
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decades. These include the CCGS Sir Wilfrid Laurier, which annually supports the National Science
Foundation (NSF)-supported Distributed Biological Observatory project in the Bering and Chukchi Seas
(http://www.arctic.noaa.gov/dbo/); the Louis S. St-Laurent, which has provided support for the Beaufort
Gyre Exploration Project (http://www.whoi.edu/beaufortgyre/); and the CCGS Amundsen, which has been
supporting the Canadian ArcticNet program (http://www.arcticnet.ulaval.ca/). The Amundsen was
specifically re-fitted for science operations with berths for large science parties. Similarly, the Swedish
icebreaker, Oden, is also suitable for large science parties and has worked in the Arctic-COLORS core
domain before, which included supporting small boats that surveyed coastal lagoons. The Korean
icebreaker, Araon, has also provided sea-going support for U.S. scientists, most recently for the Marginal
Ice Zone project in 2014 (http://www.apl.uw.edu/project/project.php?id=miz).
Table 5.2. List of Potential Research Vessels and Costs for Consideration
Research
Vessel
Private
vessels

Details
32 ft (out of Barrow)
77 ft (out of Russian
Mission)
121 ft (out of Homer)

USCGC
Healy
UNOLS
R/V
Sikuliaq
CCGS Sir
Wilfrid
Laurier
CCGS
Louis S. St.
Laurent
CCGS
Amundsen
I/B Oden

132 ft (out of Prudhoe
Bay)
Berth space for 50
scientists
Berth space for ~25
scientists

RV Araon

Cost US
K$/day
$5.5

Contact Information

$8.8

Able coastal vessels are available at a lower cost than the larger
ice-capable vessels
http://www.norsemanmaritime.com/
http://www.ntcl.com
http://www.rvannikamarie.com/

$20

http://www.supportvesselsofalaska.com/

$28
~$50

Details on vessel, port and cost from C. Polashenski and updated.

~$45 to 55

https://www.sikuliaq.alaska.edu/
Owned by the National Science Foundation and operated by the
University of Alaska Fairbanks
http://en.wikipedia.org/wiki/CCGS_Sir_Wilfrid_Laurier

http://www.uscg.mil/pacarea/cgcHealy/)

http://en.wikipedia.org/wiki/CCGS_Louis_S._St-Laurent

~$60

http://www.amundsen.ulaval.ca/
http://en.wikipedia.org/wiki/Oden_(1988_icebreaker) and
http://polar.se/en/om-oss/forskningsplattformar/fartyg/
Operated by the Swedish Polar Research Secretariat
http://www.sprs.org
http://en.wikipedia.org/wiki/RV_Araon and
http://eng.kopri.re.kr/home_e/contents/e_3400000/view.cms

There are complexities with the use of foreign icebreakers, including the need for separate cooperative
agreements. For example, Canadian Coast Guard icebreakers technically cannot be chartered. Access
requires a collaborative effort between Canadian and U.S. scientists are required, typically with a Canadian
national serving as the chief scientist.

5.2.4 Sub-Orbital Platforms
Arctic-COLORS will benefit from, and contribute to, the development of new technologies and emerging
approaches for remote UV-Vis-NIR retrievals of ocean color, coastal lidar-based estimates of vertical
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structure and aerosol optical thickness, and high-resolution mapping of coastal features. Several sensors
and platforms could be used. For example, a high-altitude Lockheed ER2 is capable of flying both a lidar
and hyperspectral ocean color sensor, as could a Lockheed C130. Smaller aircrafts, such as the Beechcraft
King Air and Twin Otter, are capable of hosting a number of hyperspectral ocean color sensors and have
already flown them over the Chukchi Sea (e.g., Churnside and Marchbanks, 2015). There may also be a
role for remotely operated drones or fixed dirigibles that could host low-mass sensors.
Suborbital campaigns will vary widely in cost. The cost of the ER2 is approximately $3.5K/hour. This
includes both mission and transit times. A typical mission will last about seven hours, with an hour on the
front side for achieving altitude. A campaign using a C130 is likely more expensive than one using a
smaller aircraft, such as the King Air. Collaboration with other Federal agencies (e.g., BOEM, Coast
Guard District 17) may allow access to flights in northern Alaska for opportunity-driven science at much
lower cost. Budgeting must include contingencies such as long transit times, weather delays (with crew
layover expenses), instrument integration, and data delivery costs. A single campaign with several
overflights taking place during a one-week interval could cost $300–$700K.

5.3. Data Management
Arctic-COLORS will provide a unique framework to study, for the first time, the Arctic coastal zone as an
integrated land-ice-ocean system, and characterize present and future impacts of terrigenous, atmospheric
and oceanic fluxes on coastal ecology, biology and biogeochemistry. Addressing this goal will require
integration of oceanographic, hydrological, terrestrial, and social-ecological observations and data
products across a large geographic domain that crosses international borders. Among the lessons learned
from previous NASA field campaigns (BOREAS, LBA-ECO, ICESCAPE, ABoVE) are the hazards of
having individual investigators use ad-hoc data management techniques, and the benefits of developing
coordinated data and information management approaches that allow for the timely sharing,
communicating, and archiving of the results of scientific research. Moreover, the increasingly demanding
requirements for the processing, integration, and analysis of field observations in combination with data
from remote-sensing systems have driven the development of a novel approach for NASA’s ABoVE
campaign.
Briefly, proposals for ABoVE were solicited through ROSES-14, and the selection of a science team was
announced in August 2015. ABoVE will integrate field-based studies, modeling, and data from airborne
and satellite remote sensing. NASA HQ programs in High Performance Computing and Terrestrial
Ecology have endorsed a partnership between the NASA Center for Climate Simulation (NCCS) and the
NASA Carbon Cycle and Ecosystems Office (CCEO) to create a high-performance science cloud for this
field campaign. The ABoVE Science Cloud (http://above.nasa.gov/science_cloud.html) combines high
performance computing with emerging technologies and data management with tools for analyzing and
processing geographic information to create an environment specifically designed for large-scale
modeling, analysis of remote-sensing data, copious disk storage for “big data” with integrated data
management, and integration of core variables from in-situ networks and platforms. The ABoVE Science
Cloud is a collaboration that promises to accelerate the pace of new Arctic science for researchers
participating in the field campaign. Furthermore, by using the ABoVE Science Cloud as a shared and
centralized resource, researchers reduce costs for their proposed work, making proposed research more
competitive.
Arctic-COLORS will fully engage with the CCEO and the NCCS in the use and augmentation of the
ABoVE Science Cloud to create an Arctic-COLORS science cloud. Arctic-COLORS management should
leverage the efforts of the CCEO in coordination of data management activities across NASA, its partners,
and other data management and cyber-infrastructure efforts that are being carried out by other
organizations in the shared study domain. Arctic-COLORS and the CCEO should participate in
interagency and international efforts to promote, coordinate, and share Arctic cyberinfrastructure.
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Examples of complementary data management activities include the NASA SeaBASS
(http://seabass.gsfc.nasa.gov), the Biological and Chemical Oceanography Data Management Office
(http://www.bco-dmo.org), the National Snow and Ice Data Center (http://www.nsidc.org), the UCAR
Earth Observations Lab (http://eol.ucar.edu). the Alaska Ocean Observing System (http://www.aoos.org),
and the Polar Data Catalogue (https://www.polardata.ca) used by POLAR.
All data collected and science products generated during Arctic-COLORS will be managed following the
NASA Earth Science Data and Information Policy (http://science.nasa.gov/earth-science/earth-sciencedata/data-information-policy). Data collected during Arctic-COLORS will be archived and distributed by
NASA’s SeaBASS, the ORNL DAAC (http://daac.ornl.gov), or other long-term archives.

5.4. Past, On-Going, and Planned Programs Relevant to Arctic-COLORS
Arctic-COLORS will be undertaken in the context of an extensive suite of field studies that have been
undertaken in the Chukchi and Beaufort coastal to offshore regions over the past several decades.
Appreciation and consideration for the work that has been accomplished both on land and sea in the past,
as well as on-going efforts, will help inform the science questions and strategies to be addressed in ArcticCOLORS. The Pacific Arctic Marine Regional Synthesis (PacMARS), supported through the North
Pacific Research Board (NPRB), has summarized existing knowledge and data sets location from past and
on-going projects in the marine domain. The PacMARS report, now available at
http://www.nprb.org/assets/images/uploads/ PacMARS_Final_Report_forweb.pdf, includes an extensive
annotated appendix of coordinated and individual projects that have been supported by a wide variety of
public and private entities, dating back to the 1970s. The North American Coastal CARbon Synthesis
(CCARS) activity (Benway et al., 2016), coordinated by NASA’s Ocean Carbon & Biogeochemistry
(OCB) Program and North American Carbon Program (NACP), also resulted in a data compilation for the
western sub-Arctic and Arctic regions, among others, that improved estimates of air-sea CO2 fluxes, for
which the most observations exist. Included within these project inventories are links to relevant websites
and data repositories that may inform any retrospective analyses to be done for Arctic-COLORS Phase I.
A brief summary of the few large, mostly marine projects that have contributed and will contribute (from
2017 onward) to our knowledge of biological, biogeochemical and physical processes in the ArcticCOLORS study area are listed in Table 5.3 below.
Table 5.3. Past and current projects in the coastal Arctic Ocean relevant to the Arctic-COLORS goals.
Program

Funder

Years (in
field)

Region

Inner Shelf Transfer and NSF
Recycling Project
(ISHTAR)

1980s

N Bering and Chukchi
Processes overall high
Seas; relatively small
productivity; physical,
role played by Yukon R. chemical, microbial data; no
optical data

National Water
Information System

1994 or
more recent
- present

Four stations along
nearshore S. Beaufort
Sea

River gauges, river discharge,
precipitation, air temperature

2000s

Chukchi Sea

monitoring predating oil
development; physical,
chemical, limited microbial
data; no optical data

USGS/
BLM/
USFWS/
NSF
Outer Continental Shelf Industry
Environmental
Assessment Program

Goals
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Chukchi Sea EnvironIndustry
mental Studies Program

2000s

Chukchi Sea

physical, chemical, limited
microbial data; no optical data

Chukchi Offshore
Monitoring in Drilling
Area program

2000s

Chukchi Sea

physical, chemical, limited
microbial data; no optical data

Shelf-Basin Interactions NSF

2000-08

Beaufort Sea shelf Arctic Basins

exchange of organic materials
and water masses from the shelf
to the deep basin; physical,
chemical, microbial data;
extensive optical data

Canadian Arctic Shelf
Exchange Study
(CASES)

2002–2004

near the Mackenzie
River shelf

multidisciplinary and seasonal,
through-the-winter coverage of
the region; physical, chemical,
microbial data; some optical
data

Russian-American
NOAA
Long-term Census of the
Arctic (RUSALCA)

2003-16

Bering Strait and
Chukchi Sea

physical, chemical, microbial
data; no optical data

Study of the Northern
Alaska Coastal System
(SNACS)

2005-08

Bering Strait, S Chukchi
Sea, S Beaufort Sea

5 loosely coordinated projects
that studied either terrestrial or
marine systems, but rarely both;
physical, chemical, microbial
data; no optical data

Circumpolar Flaw Lead Canada
Study (CFL)

2007-2008

near the Mackenzie
River shelf

multidisciplinary and seasonal,
through-the-winter coverage of
the region; physical, chemical,
microbial data; some optical
data

MALINA

FranceCanada

2009

S. Beaufort Sea and the
shelf adjacent to
Mackenzie river outlet in
late summer

light controls of biodiversity
and biogeochemical fluxes;
physical, chemical, microbial
data; extensive optical and
remotely sensed data

Bering Sea Project

NSF,
NPRB

2010s

Bering Sea

integrated ecosystem
understanding; physical,
chemical, microbial data; no
optical data

BOEM

Canada

NSF
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Impacts of Climate on
the Eco-Systems and
Chemistry of the Arctic
Pacific Environment
(ICESCAPE)

NASA

2010-2011

Chukchi Sea shelf-basin
(marginal ice zone, pack
ice)

biological productivity as a
function of changing light
transmission and sea ice conditions; physical, chemical,
micro- bial data; extensive
optical data

Beaufort Gyre
Observatory Project

NSF,
WHOI

2002-2018

Beaufort Sea, Canadian
Arctic

Ice-tethered profilers and
sediment traps; physical,
chemical data; some optical
data.

Distributed Biological
Observatory (DBO)

NOAA,
IARPC

2010-2018

Bering, S. Chukchi, SW
Beaufort Seas

Pelagic-benthic interactions;
physical, chemical, microbial
data

Next Generation
DOE
Ecosystem Experiments
(NGEE)-Arctic

2012-14;
2015-18

North Slope Alaska;
Seward Peninsula, AK

Terrestrial carbon, water,
nutrient, and energy fluxes for
earth system models

Chukchi Sea

NPRB

2017-2018

Chukchi Sea

integrated Arctic ecosystem
project; physical, chemical,
microbial data

Polar Knowledge
Canada (POLAR)

Canada

2014-2019

Cambridge Bay, Nunavut impacts of changing ice,
(CHARS) and
permafrost and snow on
surrounding areas
shipping, communities and
infrastructure

Arctic Great Rivers
Observatory

NSF

2004-2019

Yukon and
MackenzieRivers

Extensive physical and
chemical data

Marine Arctic
Ecosystem Study
(MARES)

BOEM,
NOPP

2016-2019

E. Beaufort Sea,
Mackenzie River plume

Under-ice and across-shelf
distribution and biogeochemical
impacts; physical, chemical,
microbial data

Arctic Boreal
Vulnerability
Experiment (ABoVE)

NASA

2015-2024

N. Alaska-Canadian
Arctic

Carbon cycling in terrestrial and
hydrological systems; extensive
remotely sensed land data

Sentinel North

Canada

2017- 2023

Canadian Arctic

Autonomous photonics and
human health observations

The Beaufort Sea
Lagoons (BLE-LTER)

NSF

2017-2022

Beaufort Sea coastal
lagoons

Coastal ecosystems, shoreline
erosion, watershed runoff, sea
ice dynamics, continuous
seasonal and interannual
observations
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Arctic Estuarine Water NASA
Quality and
Biogeochemical Cycling

2019-2020

Yukon River, North
Slope

Baseline for riverine loads,
compositions and exports of
organic and inorganic materials
from the head of tides to
nearshore

Nunataryuk

2019

Mackenzie River

Impacts of thawing coastal and
subsea permafrost on the global
climate; targeted and codesigned adaptation and
mitigation strategies for the
Arctic coastal population

Germany,
Canada,
Russia

Despite this legacy of prior work, the orientation of Arctic-COLORS to the land-sea boundary is
distinctive if not unique, and NASA is filling an ambitious role and is poised to make important
contributions as a funding agency to understanding the changing Arctic nearshore system. Despite the
remarkable list of Projects in Table 5.3, only three projects (SBI, ICESCAPE and MALINA) form the core
of all bio-optical measurements available in the coastal Arctic; even these focused primarily on the coastalto-shelf boundary, rather than the land-coastal boundary. Arctic-COLORS Phase I will provide hindsight
and insight by aggregating historical data for pertinent parameters from remotely sensed and field data sets
described above. Neither the spatial nor the temporal (seasonal or interannual) historical coverage will be
extensive.
As for the present and future (2018 onward), several multi-year field programs may provide synergy with
Arctic-COLORS, even if not simultaneously. The NASA ABoVE program will provide important data on
terrestrial influences on the marine system essential for Arctic-COLORS modeling, such as permafrost
thaw, hydrological, thermokarst, vegetation, and biogeochemical shifts and the resulting changes in fluxes
of freshwater, nutrients, and organic carbon. Although the temporal overlap is likely to be minimal,
Arctic-COLORS will benefit from long-term measurements, from improved research coordination and
infrastructure as well as lessons learned across the United States-Canadian border. Long-term projects
such as the Arctic Observation Network Arctic Great Rivers Observatory that directly addresses runoff
contributions from the two globally important rivers in the study area, the new Beaufort Sea Lagoons
LTER and the NOAA Distributed Biological Observatory, focusing in near-shore and coastal regions, will
be leveraged for land-ice-ocean retrospective analyses of Arctic-COLORS Phase I. To the extent that
Arctic-COLORS may be contemporaneous with extensions of any of the above programs, or any new field
efforts working in the coastal Arctic marine system, cooperation and synergies will be explored to
maximize efficiencies of science funds and personnel. One goal of the Canadian POLAR program will
provide “baseline information preparedness for development, predicting the impacts of changing ice,
permafrost and snow on shipping, communities and infrastructure, and underwater situation awareness”
(section §8.5).
The Canadian-funded Sentinel North project (~$98M between 2017-2023), a collaboration between
academia, the public sector, and the private sector, will study the impact of climate change on the Arctic
by looking at different facets of the environment, from animal populations to mining. A key component of
this program is support for the development of new technologies including a broad-range of optical
instrumentation to monitor Arctic ecosystems from the ground, ships, in-water, airplanes, or drones.

5.5. Science Communication during Arctic-COLORS
Coastal Arctic ecosystems are a vital part of the region’s economy because of their importance for
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subsistence fisheries and as a foraging habitat for an extraordinarily rich and diverse habit of marine
mammals and seabirds. Sea ice, for instance, is a critical platform for many species to access food and to
complete critical components of their life cycle. In the past, climate change has induced major ecosystem
shifts in some areas, and this could happen again resulting in radical unpredictable changes at the lower
trophic level that could have cascading effects on the rest of the food chain. Arctic-COLORS will not only
provide better information on productivity of coastal Arctic ecosystems, but will promote awareness of
their vulnerabilities of Arctic communities to climate change.
Arctic-COLORS research questions will strive to achieve a balance between the scientific motivations to
understand the arctic system and stakeholder concerns about ecosystem services and natural resources
important to coastal communities. Arctic-COLORS will respect the needs and concerns of local residents
during the planning and implementation of the program, which is likely to involve work within some of
these communities, and also communicate plans and research findings back to local residents via meetings,
distribution of posters, and by returning to villages to provide science results. Consultation with village
leaders will be essential to highlight community needs that could be addressed by Arctic-COLORS
research activities as well as to prevent any scheduling conflicts potentially arising from the proposed
research activities.
Science communication plans will highlight the common science themes and discoveries of both ABoVE
and Arctic-COLORS. Within this context, individual and joint training, education, and public outreach
plans should be developed that provide formal educational opportunities through the selected PI’s
institutions and other institutions within the Arctic study domain. Institutional PIs and Arctic-COLORS
management will be expected to participate in informal education and public outreach opportunities
coordinated by NASA CCEO.
Arctic-COLORS communications efforts must be cognizant of the NASA Science Mission Directorate
(SMD)’s desire to move from mission-by-mission products and services and towards aggregation of efforts
into science-based disciplines aligned with the SMD Divisions. Arctic-COLORS, like the ongoing
ABoVE, should anticipate working within the new education structure(s) developed by NASA to
accomplish education goals, and may need to allocate some funds to do so. There will undoubtedly be
mechanisms for Arctic-COLORS science to be brought into educational activities that are funded via these
initiatives, which requires awardees to work closely with NASA and other NASA-funded scientists.
Missions are expected to provide scientific content and in some cases contribute funding to create missionspecific products. For Arctic-COLORS, some important infrastructure activities include 1) The Science
Visualization Studio at GSFC; 2) The Earth to Sky Partnership between NASA and the National Park
Service; 3) GLOBE; 4) the Museum Alliance; and 5) The Earth Observatory. Additionally, ArcticCOLORS should anticipate working with the NASA Earth science communications team’s Earth Right
Now campaign to include Arctic research, even an Arctic theme. Finally, there will be opportunities to
work together with close partners (see section §5.4) in all these areas.

6. 0| Outcomes
The goals of Arctic-COLORS are fully aligned with the White House National Strategy for the Arctic
Region, "to protect the Arctic environment and conserve its resources; establish and institutionalize an
integrated Arctic management framework; ... and employ scientific research and traditional knowledge
to increase understanding of the Arctic." In particular, Arctic-COLORS is focused on quantifying the
impacts of rapid climate-driven changes that are bombarding sensitive coastal ecosystems from both the
land and sea. The health of the Arctic coastal zone is critical to regional communities, while current
change in the Arctic is likely a harbinger for future change in coastal zones at lower latitudes as well. The
biogeochemical complexity of the land-ice-ocean interface in the Arctic region is unlike any other coastal
zone in the world, and as such, will require an unprecedented integrative effort between multiple
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disciplines while utilizing remote sensing to integrate across multiple temporal and spatial scales. In
addition to improving the quantitative understanding of Arctic coastal systems, the tools developed in the
process of this research will be of great benefit to future studies around the globe.
Ultimately, the models developed and improved by this research will provide a window into the future of
the Arctic, with emphasis on identifying the most vulnerable components of the coastal ecosystem to
change and the primary drivers that lead to those vulnerabilities. Such information will have great utility
in planning for future management scenarios and contingencies.
The objectives of Arctic-COLORS directly support the strategic goals and objectives of NASA's Ocean
Biology and Biogeochemistry Program, and are fully aligned with the objectives of NASA's Applied
Science, Terrestrial Ecology, Biodiversity, Carbon Cycle & Ecosystems, Ecological Forecasting, and the
Cryospheric Science Programs. The ground-truthing between biogeochemical measurements and remotesensing algorithms from Arctic-COLORS will prove critical toward the development of NASA’s PACE
mission. Arctic-COLORS will facilitate high temporal-, high spatial- and high spectral-resolution field
observations that contribute directly to PACE validation efforts, and will enhance remote-sensing
capabilities in one of the most responsive regions to Climate Change, the Arctic. Coastal zones in general
are some of the most heavily impacted regions of the world by human activity, and with rising sea level
will continue to undergo a high level of stress. As such, it is critical to develop remote-sensing tools that
are applicable to all coastal zones, and Arctic-COLORS will push those tools in new directions for iceimpacted regions. Arctic-COLORS observations will be particularly useful for informing measurement
requirements and optimal remote-sensing design of future NASA satellite sensors (e.g., GEO-CAPE,
HyspIRI, ACE) while observing the Polar Regions, and mitigating risks while maximizing the return of
NASA satellite missions.
Finally, Arctic-COLORS will give rise to a new generation of coastal researchers. Our planet faces
daunting environmental problems, and there is a great need for inspired environmental scientists who are
passionate about solving those problems, particularly in the Polar Regions. Arctic-COLORS will provide
a platform by which young scientists can learn to work in an integrative environment with state-of-the-art
tools while overcoming significant logistical challenges, all with the goal of improving the future prospects
of the local communities and beyond.
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8.0| Appendices
8.1. Project Cost Estimation Procedure
A cost estimate for the Arctic-COLORS Field Campaign activity was prepared as shown in Table 8.1. A
number of assumptions had to be applied to generate the cost estimate. For the purposes of the
process/intensive cruises, the Arctic-COLORS study domain was sub-divided into four regions:
Mackenzie Delta and adjacent shelf, other Beaufort river plumes and shelf, Chukchi river plumes and
shelf, and the Yukon Delta and Norton Sound. Each of these four regions would be sampled over three
years for each the seasons defined, though different river plume/shelf systems would be sampled over the
four years of fieldwork. Thus, study sites and regions under investigation would be staggered across the 4year period. Late winter (early March) sampling from river mouth to outer shelf would be conducted with
the aid of over-the-snow/all-terrain vehicles and helicopters for transport to the landfast ice and sea icecovered regions. Large icebreaker vessels would be used in late May/June to sample the mid- and outershelf regions. Over-the-snow/all-terrain vehicles and helicopters will be used in late spring as well to
access nearshore areas that cannot be accessed by large icebreakers. The UNOLS R/V Sikuliaq (medium
size, ice-capable) and various coastal ships and boats will be employed for summer (late July) and
minimum ice extent (September) seasons for the process/intensive studies as well as helicopters in
summer. Costs for small boats for PI-unique activities would be borne by individual grants. In situ buoys,
moorings and gliders will be deployed and retrieved (as appropriate) from vessels planned for intensive
process cruises. Some or many of these assets would presumably not be retrieved. Funds for buoys,
moorings and gliders would be allocated to grants as a portion of the $2.8M in equipment budgeted
(approximated as $100K per grant).
The survey cruises that will be conducted in July and the September/October timeframe will utilize coastal
ships and boats and large icebreakers of opportunity. For example, the CCGS Sir Wilfrid Laurier transits
each year through the Arctic-COLORS study area from its home port in Victoria, British Columbia, to the
Canadian Arctic in July (eastbound) and in October (westbound) and has been “chartered” for a number of
days during these transits. “As a Canadian government asset, it is not technically a charter vessel and
requires a cooperative agreement and the involvement of Canadian scientists” (L. Cooper, pers. comm.).
Regardless of whether such accommodations can be realized, large icebreakers will be operating within the
study region for Arctic-COLORS process studies or other programs and can be scheduled for 28 days per
year to conduct survey studies. For costing purposes, our assumption is that each region would be
surveyed for only 3 years of the 4 total years of fieldwork planned.
Dedicated flight costs for airborne remote sensing are estimated by assuming an average of $15.8K/day for
a Ken Borek Air Twin Otter aircraft (twin-engine aircraft; single engine aircrafts over water are prohibited
by NASA), which includes non-flight days. The cost estimate was provided by Glenn Research Center to
Christy Hansen for this report. This rate includes labor and travel costs for pilots, mechanics and
instrument technicians. The cost estimates for airplane logistics include integration and testing of
instrument payloads and transfer of airplane(s) to the Arctic region and is assumed to be $600K per season
(3 seasons/yr for 4 years). No cost-sharing is assumed with other airborne remote-sensing activities.
Project management includes data management as described above and includes data management, safety
and training, ship coordination, helicopter, airborne remote sensing and other field logistics, project
meetings, etc. Our assumption is that an existing project office would be tasked to manage the activity to
realize cost savings as opposed to establishing a new entity from scratch. Possibilities include the NASA
Ames Earth Science Project Office that provides planning, implementation and post-mission support for
large, complex, multi-agency, national and international field campaigns; although they primarily support
airborne missions, they do support ship-based missions as needed. Another example would be the NASA
Carbon Cycle and Ecosystem Office which currently supports ABovE planning and logistics, and thus has
extensive experience with the Arctic environment Indeed, the office could also be competed from
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prior/existing project offices and include various educational institutions and contractor firms with Arctic
planning and logistics experience. Annual costs will vary depending on the level of the activity (low
during synthesis phase but high during field years).
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Table 8.1. Basis of Budget Estimate for Arctic-COLORS Project
Arctic-COLORS Estimate of Project Resources and Costs
All values in $K

Process/Intensive Cruises

Region
R/V Sikuliaq
Mackenzie Delta and Shelf
3 years
16
Yukon Delta and Norton Sound
3 years
12
Other Chukchi coastal
3 years
20
Other Beaufort coastal
3 years
12
Seasons: (1) early March, (2) late May/June, (3) late July-Aug, & (4) September
3&4
TOTAL (days/yr)
60
Region
Norton Sound
Chukchi Sea
Beaufort Sea
Seasons: (1) July-August & (2) September/October

# Ship Days per year
Icebreaker - large
10
10
10
8
2
38

Coastal vessels
14
10
20
12
3&4
56

3 years
3 years
3 years
3 years

# days/yr
Airplane
10
10
20
10
2, 3 & 4
50

# days/yr # days/yr
Helicopter All Terrain Vehicle
30
60
30
60
30
120
30
90
1, 2, & 3
1&2
120
330

Survey Cruises

3 years
3 years
3 years
TOTAL (days/yr)

Total # days required
Cost ($K)/day
Total Cost/Project ($K)

0
0
0
both
0

4
12
12
both
28

7
15
15
both
37

180
45

198
55

279
15

8,100

10,890

4,185
Airplane Logistics ($K)

Cost of Science Teams
Phase
Phase I
Phase IIA
Phase IIB
Phase III

# Groups
3
14
14
5

SUMMARY
Project Management (est. $500K/yr on average for 10 years)
ROSES Awards to Science Teams
Ships, helicopters, All Terrain Vehicles, etc.
Airplane Remote Sensing
TOTAL Costs of Arctic-COLORS

$K/yr
200
300
300
300

Years
1
4
4
2

$K/1 time equipment
0
100
100
10

$K/project
200
1,300
1,300
610
TOTAL

150
15.2

360
5

990
0.2

2,280
7,200

1,800

198

TOTAL ($K)
600
18,200
18,200
3,050
40,050
$K
5,000
40,050
25,173
9,480
79,703

% Total
6.3
50.2
31.6
11.9
100.0

NOTES:
* Assume large icebreaker costs for survey cruises based on usage of transiting icebreakers from Victoria/Seattle to Barrow or Canadian Arctic
* Small boat costs to be covered by individual grants
* in situ floats, moorings and gliders will be deployed and retrieved from vessels planned for process/intensive cruises; some assets will not be retrieved; funds allocated to grants (portion of $2.8M equipment)
* Airplane logistics include integration and testing of instrument payloads and transfer of airplane to Arctic region - assuming $600K per season (3 seasons/yr for 4 years)
* Coastal Vessels: Coast Guard buoy tenders, Marty Bergman, Norseman, etc.
* Project management includes data mngmt following ABoVE model (data mngmt, safety and training, ship coordination, other field logistics; project meetings, etc.);
annual cost will vary depending on activity (low during synthesis; high during field years)
* Phase II ROSES awards include field sampling, modeling, and remote sensing activities
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Basis of estimate for Aircraft deployments
Ken Borek Air Twin Otter Aircraft Deployment for Arctic-COLORS
Assumptions
This captures approximate costs for one field deployment, at 10 days in the field.
It includes all costs for the aircraft, fuel, landing fees, per diems, and flight crew costs (3 flight
crew)
It assumes 1 flight per day, each flight being 4 hours long
It includes the cost to get the aircraft from its home base in Calgary, CA, to a science base
(Barrow), and back home again after mission ends.
It does not include any costs associated with engineering work to fit the instruments to the
aircraft (this is part of the $600K per season cost estimate).
It does not include the travel costs and per diem costs for the science/instrument team.
It assumes take off and landing from same location each day once in the field
(Barrow in this example).
Positioning Costs Breakdown
· 11.5 hours each way - Ferry (positioning flight) from Calgary to Barrow
· 400L/hr x 1.55/L x 23 hours = CAD $14,260 (Canadian dollars); Since Canadian dollars as the
majority of positioning fuel will be uplifted in Canada.
· Twin Otter x 23 hours = USD $42,895.00
· Nav Fee: 89 x 2 = CAD $178.00; In Canada, we are charged navigation fees (CAD $89.00 per
day for the Twin Otter). Goes to Nav Canada for air traffic control facilities and wages.
· Landing Fees: 95 x 6 = CAD $570.00; This fee is charged every time the aircraft lands.
Estimated 3 landings between Calgary and Barrow and 3 landings on the return leg from Barrow to
Calgary.
· Hotel (if applicable); Will only be charged for hotels if the crew has to overnight between
Calgary and Barrow. It will be a long duty day; they will likely overnight in Inuvik.
· Total USD: $42,895.00
· Total CAD: $15,008.00 (USD $11,397.00)
· Positioning Total: USD $54,292.00
Operational Costs Breakdown
· Number of daily flight hours is not known so estimate is based on carrier daily minimum of 4
hours.
· USD $1,865.00 x 4 = 7,460; This is aircraft cost per hour, at a min of 4 hours per day.
· 7,460 x 10 operational days = USD $74,600.00
· Operational Total: USD $74,600.00
Incidentals: Operational Period Cost Breakdown
· Hotel: 250 x 3 x 10 days = USD $7500 arranged and paid for in advance by charterer
· Meals: 60 x 3 x 10 days = USD $1800 arranged and paid for in advance by charterer
· Nav: 89 x 5 operational days = Invoiced actual rate what is this? See above
· Landing: Invoiced actual rate
· Fuel: 400L/hr x 5 operational days @ 4 hours per day = USD $13,600
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8.2. Core Variables and Datasets
The Arctic-COLORS workshops (section §2) concluded that it would be best for models to have complete
datasets with biological/biogeochemical/physico-chemical rates at a few sites rather than lots of survey
measurements without a complete set of rate measurements. Below is a list of core variables and non-core
measurements that would be necessary to accomplish the objectives of Arctic-COLORS. This is not an
exhaustive list and suggestions are welcomed.
Table 8.2. Planned Arctic-COLORS Field Campaign Core and Non-Core Measurements.
Core Measurements
Aquatic
Biogeochemical

Water column profiles of phytoplankton
pigments, chlorophyll-a, POC/PN,
DOC/DON, DIC, pCO2, TA, nutrients (N03,
NO2, NH4, PO4, SiOH4), DO, SPM,

Aquatic optics

Hyperspectral above-water (UV-Vis-NIR-SWIR)
and in-water (UV-Vis-NIR) AOPs (Kd,
radiometry)
Profiles and surface underway IOPs:
hyperspectral absorption attenuation;
multi-spectral VSF, backscatter, and beam
attenuation; chlorophyll and CDOM
fluorometry; particle size spectra.
Discrete particle and CDOM absorption
Profiles of gross and net primary productivity
and respiration,
Air-sea CO2 fluxes

Aquatic Biological/
Biogeochemical/
Physical rates and
processes

Biodiversity

Physical
oceanographic
Landfast and Sea
Ice

Meteorological/

Phytoplankton taxonomic abundances and
functional type (size or taxonomic
classification)
Coastal and sea ice phytoplankton taxonomy
SST, SSS, profiles of temperature, salinity, and
density, wave height, horizontal current
velocities, vertical current velocities
Biogeochemical constituents and physical
properties of ice, brine water, and meltwater: salnity, chlorophyll-a, POC/PN,
DOC/DON, DIC, pCO2, TA, nutrients, SPM
Ice thickness, temperature, areal extent,
freeboard, other characteristics
Under ice gross and net primary productivity
Melt pond characteristics; above and in-water
hyperspectral radiometry
Surface wind direction and velocity,

Non-Core Measurements
Profiles of size fractionated chlorophyll-a and
POC/PN, POP and DOP, calcium,
phytoplankton C and N
Biomarkers and isotopic tracers: Lignin phenols,
black carbon, petroleum hydrocarbons,
other lipid biomarkers, amino acids, stable
CNS isotopes, radiocarbon isotopes, water
oxygen isotopes
Profiles and surface particle size spectra
Discrete CDOM excitation-emission matrices;
particle size spectra and abundances

Micro- and meso-zooplankton grazing
Particle sinking rates
Photooxidation of DOM and particles
Profiles of net community production, microbial
productivity
Air-sea CH4 fluxes
POC/PN and DOC/DON remineralization rates
Flocculation of DOM
Nitrification, denitrification, nitrogen fixation,
ammonification, ammonox
Microbial community composition
Zooplankton to higher trophic levels
Benthic microbial community, meiofauna,
macrofauna, and megafauna
Wave height, horizontal current velocities,
vertical current velocities
Biogeochemical constituents and physical
properties of ice, brine water, and meltwater: salinity, phytoplankton pigments,
salinity, POP and DOP, black carbon, stable
CNS isotopes, radiocarbon isotopes, oxygen
isotopes
Snow cover
Cloud cover, pressure, precipitation, albedo,
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Atmospheric

temperature, humidity, pCO2

Sediment properties

Benthic rates and
processes

Hydrological
Geomorphology

Airborne Remote
Sensing

Hyperspectral radiometry (UV-Vis-NIR-SWIR)
HSRL for in-water particle profiles, CDOM and
chlorophyll absorption
SST and SSS

surface heat flux, water vapor content, solar
radiation
Aerosol optical depth and vertical layer height
and thickness
Boundary layer CH4
Total column ozone and NO2 concentration
SOC/SN, porewater DOC/DON, DIC, TA, pH,
nutrients, DO, SPM, black carbon, lignin
phenols, stable isotopes, seabed erodibility,
acoustic scans of seabed to characterize
sub-sea floor permafrost, etc.
Sedimentation and burial rates of SPM, POC/PN
Oxygen respiration, denitrification, sulfate
reduction, methanogenesis
Sediment resuspension
Benthic-pelagic fluxes
Freshwater discharge/ volume transport (river,
groundwater, surface runoff)
Coastal erosion fluxes of sediment load,
POC/PN, IC, nutrients
Bathymetry of channels at river head of tides
HSRL melt pond depth, freeboard at ice edge,
aerosol optical depth, aerosol type and
microphysical properties
Ranging lidar: coastal erosion, snow levels and
permafrost.
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8.3 Complementary Satellite Data Time Series to Ocean Color
Table 8.3. Satellite Data Time Series and Sensor Characteristics
Note: The table does not include ocean color atmospheric correction input products such as aerosol properties,
atmospheric trace gases (ozone and nitrogen dioxide), and water vapor.
Sensor
AMSR-E

AMSR-2

Time
Series

Product

Spatial
Resolution

5/2002
to
10/2011

Sea ice
concentration
Sea surface wind
vector

25 km

10/2010
to present

Sea ice
concentration
Sea surface wind
vector

15 km

Technology

Global
Coverage

Agency

Microwave
radiometry

1-day

JAXA/ NASA

Microwave
radiometry

1-day

JAXA

21 & 38 km

15 km

Aquarius

6/2011 to
6/2015

Sea surface salinity

150 km

Microwave
radiometry (Lband)

Weekly

NASA/
CONAE

ASCAT

10/2012
to present

Sea surface wind
vector

12.5 x 12.5 km

Scatterometer
(microwave radar)

1-day

EUMETSAT

ASTER
(Terra)

2000 to
present

Surface radiances
Vis-NIR-SWIR-TIR,
digital elevation
model, surface
kinetic temperature

15-90 m

Optical-IR
multispectral
radiometer

Global 16-day
repeat

NASA

ATLAS
(ICESat-2)

2017
launch

Sea ice thickness
Sea surface height

10 x 0.7 m

Laser altimeter
(photon counting)

Monthly

NASA

CALIPSO

5/2006 to
present

Aerosol and cloud
profiles
TBD - ocean particle
profiles

Aerosols: 5 or 40
km horizontal; 60
m vertical

Lidar (CALIOP; 333
m) and imaging
infrared
radiometer (1km)

Cryosat-2

4/2010 to
present

Thick ice thickness
(1.3cm resolution)

0.3-1.5 km

SAR/
interferometric
radar altimetry

14 to 28 days

ESA

ETM+,
OLI & TIRS,
TM,
MSS
(Landsat)

7/1972 to
present

RGB imagery,
surface reflectance,
surface
temperature, land
cover, land cover
change maps,
burned area, snow
covered area,
dynamic surface
water extent

15-120 m

Optical-IR
multispectral
radiometer

Global 16-day
repeat

NASA/USGS

GLAS
(ICESat)

2/2003 to
10/2008
intermitte
nt

Sea ice thickness
Sea ice elevation

70 x 170 m

Laser altimeter

15 campaigns

NASA/CNES
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GRACE

3/2002 to
present

Ice mass balance
Ocean currents
Evapotranspiration
Global water
balance

1° x 1°

GPS and
microwave
ranging

NASA/ DLR
Monthly
Monthly

1° x 1°

MISR
(Terra)

2000 to
present

Land surface,
aerosol, albedo,
cloud

Global products
at 0.5° x 0.5°
(275 m – 1.1 km)

Multi-angle
imaging
spectroradiometer

Global 2 to 9
day repeat

NASA

NSCAT
(ADEOS)

8/19966/1997

Sea surface wind
vector

25 x 25 km

Scatterometer
(microwave radar)

1-day

NASA/
NASDA

OCO-2

8/2014 to
present

Total column
atmos. CO2
CO2 source/sink

2.25 x 0.1 to 1.3
km
L3: 1° x 1°
4° x 5°

Infrared
spectrometry

Monthly

NASA

SeaWinds on
QuickSCAT
on ADEOS-II

6/199911/2009

Sea surface wind
vector

12.5 x 12.5 km
25 x 25 km

Scatterometer
(microwave radar)

1-day

NASA

SMAP

1/2015 to
present

SMOS

NASA/
NASDA

12/200210/2003

11/2009
to present

Soil moisture
Landscape
freeze/thaw

10 km

Sea surface salinity
Soil moisture
Thin ice thickness (0
to 50 cm) not
useable during melt
season

200 x 200 km

Radar1

2-day

NASA

2D microwave
imaging
radiometer with
aperture synthesis
(L-band)

10–30 days
3-day

ESA

3km

50 km
35 to >50 km

SMMR
SSM/I
SSMIS

10/1978
6/1987
11/2006
to present

Sea ice
concentration

25 x 25 km

Microwave
imager/ sounder

SWOT

2020
launch

Sea surface height
Terrestrial water
height
Ocean circulation
River discharge (w/
hydrodynamic
models)

2 x 2 km
50-100 m
1
~10 – 200 km
TBD

Ka-band radar
interferometry

Twice in 21
days

NASA/
CNES/ CSA

TANSO
(GOSAT)

2/2009 to
present

Total column
atmos. CO2 and
CH4
Clouds and aerosols

10.5 km

FTS: Thermal and
NIR
UV-Vis-NIR
radiometry

Monthly

JAXA/ MOE/
NIES

Sea surface height
Sea surface wind
speed
Wave height

310 km

Pulsed radar
altimetry

10-day

TOPEX/
Poseidon
Jason-1
OSTM/

8/19921/2006
2/20017/2013
6/2008present

0.5 to 1.5 km

NASA
DMSP
DMSP

3-day
NASA/ CNES

+ NOAA
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Jason-2
Jason-3

1/2016 to
present

1

as of July 2015, the SMAP radar is no longer in operation. NASA is working on a solution to utilize data
from the SMAP passive radiometer to provide these data products, albeit at a coarser resolution.

8.4 Community Outreach: Presentations and Website
The broader research community became engaged in the development of the initial study design and
implementation concept at a number of scientific conferences and programmatic meetings where
presentations were made. Town Hall meetings were conducted; special Break-Out Sessions were
convened; and oral and poster presentations were presented. These included the ABoVE Science
Definition Team meeting (February 2014), the 2014 Ocean Sciences Meeting (February 2014), the NASA
Ocean Color Research Team Meeting (May 2014), the Canadian Ocean Meteorological Society Meeting
(June 2014), the Ocean Optics XXII Conference (October 2014), the international Arctic Change 2014
Conference (December 2014), the American Geophysical Union - AGU Fall 2014 Meeting (December
2014), the North American Carbon Program and AmeriFlux Joint Meeting (January 2015), the European
Geophysical Union - EGU Spring 2015 Meeting (April 2015), the NASA Carbon Cycle & Ecosystem
Meeting (April 2015), the Canadian Ocean Meteorological Society Meeting (June 2015), the International
Ocean Color Symposium/NASA Ocean Color Research Team Meeting (June 2015), the 2015 Ocean
Carbon and Biogeochemistry meeting (July), the 2015 Coastal Estuarine Research Federation Meeting
(November 2015), the Fall AGU meeting (December 2015), the 2016 Ocean Sciences Meeting (February
2016), the 2016 Ocean Carbon and Biogeochemistry meeting (July 2016; see youtube webcast:
https://www.us-ocb.org/summer-workshops/2016-ocb-summer-workshop-archive/), the Ocean Optics
XXIII Meeting (October 2016), the North American Carbon Program meeting (March 2017), the
International Ocean Colour Science Meeting (May 2017), Arctic Change 2017 Conference (December),
and continuing …
We have maintained a dedicated website to disseminate information about Arctic-COLORS since 2014,
currently at https://arctic-colors.gsfc.nasa.gov.
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8.5 Acronyms
ABoVE
ACE
ADEOS
AGU
AMBON
AMSR2
AOP
Arctic-COLORS
ARCTIC-STAR
ASTER
ATLAS
AUV
AVHRR
BOEM
BOREAS
CALIOP
CALIPSO
CASES
CCGS
CDOM
CFL
Chla
CMIP5
CONAE
CTD
DBO
DIC
DMSP
DO
DOC
DOE
DON
EGU
ERS
ESA
ESMs
ETM+
EUMETSAT
GCAS
GEO-CAPE
GEO-TASO
GLAS
G-LiHT
GOSAT
HyspIRI
ICESat
ICESat2
ICESCAPE

Arctic Boreal Vulnerability Experiment
Aerosol, Clouds and ocean Ecosystem
Advanced Earth Observing Satellite
American Geophysical Union
Arctic Marine Biodiversity Observing Network
Advanced Microwave Scanning Radiometer 2
Apparent Optical Properties
Arctic Coastal Land Ocean Interactions
Solution-oriented, transdisciplinary research for a sustainable Arctic
Advanced Spaceborne Thermal Emission and Reflection Radiometer
Advanced Topographic Laser Altimeter System
Autonomous Underwater Vehicle
Advanced Very High Resolution Radiometer
Bureau of Ocean Energy Management
Boreal Ecosystems-Atmospheric Study
Cloud-Aerosol Lidar with Orthogonal Polarization
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
Canadian Arctic Shelf Exchange Study
Canadian Coast Guard Ship
Colored Dissolved Organic Matter
Circumpolar Flaw Lead study
Chlorophyll-a
Coupled Model Intercomparison Project, Phase 5
Comisión Nacional de Actividades Espaciales (Argentine Commission on
Space Activities)
Conductivity, Temperature, Depth
Distributed Biological Observatory
Dissolved Inorganic Carbon
Defense Meteorological Satellite Program
Dissolved Oxygen
Dissolved Organic Carbon
Department of Defense
Dissolved Organic Nitrogen
European Geophysical Union
European Remote Sensing satellites (ERS-1, ERS-2)
European Space Agency
Earth System Models
Enhanced Thematic Mapper
European Organization for the Exploitation of Meteorological Satellites
GEO-CAPE Airborne Simulator
Geostationary for Coastal and Air Pollution Events
Geostationary Trace gas and Aerosol Sensor Optimization
Geoscience Laser Altimeter System instrument
Goddard's LiDAR, Hyperspectral & Thermal Imager
Greenhouse gases Observing SATellite
Hyperspectral Infrared Imager
Ice, Cloud, and land Elevation Satellite
Ice, Cloud, and land Elevation Satellite-2
Impacts of Climate on the Eco-Systems and Chemistry of the Arctic Pacific
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Environment
IOP
Inherent Optical Properties
IR
Infra-Red
ISHTAR
Inner Shelf Transfer and Recycling Project
JAXA
Japan Aerospace Exploration Agency
LBA-ECO
Large-scale Biosphere-Atmosphere Experiment in Amazonia - Ecology
LEO
Low Earth Orbit
MARES NOPP PARTNERSHIP
Marine Arctic Ecosystem Study National Ocean Partnership Program
MERIS
Medium Resolution Imaging Spectrometer
MISR
Multi-angle Imaging SpectroRadiometer
MODIS
Moderate Resolution Imaging Spectroradiometer
MOE
Ministry of the Environment
MSI
MultiSpectral Instrument
MSS
Multispectral Scanner
NASA
National Aeronautics and Space Administration
NASA CCEO
NASA Carbon Cycle and Ecosystems Office
NASA HQ
NASA Headquarters
NASA NCCS
NASA Center for Climate Simulation
NASA SMD
NASA Science Mission Directorate
NASDA
National Space Development Agency of Japan
NDVI
Normalized Difference Vegetation Index
NGEE-Arctic
Next-Generation Ecosystem Experiments - Arctic
NIES
National Institute for Environmental Studies
NOAA
National Oceanic and Atmospheric Administration
NPRB
North Pacific Research Board
NRC
National Research Council
NSF
National Science Foundation
NSIDC
National Snow and Ice Data Center
OBB
Ocean Biology and Biogeochemistry
OCI
Ocean Color Instrument
OCO-2
Orbiting Carbon Observatory 2
OLCI
Ocean Land Colour Instrument
OLI
Operational Land Imager
OMI
Ozone Monitoring Instrument
OMPS
Ozone Mapping and Profiler Suite
ORNL DAAC
Oak Ridge National Laboratory Distributed Active Archive Center
OSTM
Ocean Surface Topography Mission
PACE
Pre-Aerosol, Clouds, and ocean Ecosystem
PacMARS
Pacific Arctic Marine Regional Synthesis
PFT
Phytoplankton Functional Types
POC
Particulate Organic Carbon
POLAR
Polar Knowledge Canada
PRISM
Portable Remote Imaging SpectroMeter
RASM
Regional Arctic System Model
RASM-mBGC
Regional Arctic System Model-marine Biogeochemistry
RCD
Riverine Coastal Domain
ROMS
Regional Ocean Modeling System
RUSALCA
Russian-American Long-term Census of the Arctic
RV
Research Vessel
SBI
Shelf-Basin Interactions
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SDT
SEABASS
SEADAS
SeaWIFS
SGD
SGLI
SMAP
SMMR
SMOS
SNACKS
SNODAS
SNR
SPM
SSMIS
SSS
SST
STM
SWIR
SWOT
TA
TANSO
TIRS
TSM
TM
UNOLS
USCGC
UV
VIIRS
VIS-NIR
VSF

Science Definition Team
SeaWiFS Bio-Optical Archive and Storage System
SeaWiFS Data Analysis System
Sea-Viewing Wide Field-of-View Sensor
Submarine Groundwater Discharge
Second generation GLobal Imager
Soil Moisture Active Passive
Scanning Multichannel Microwave Radiometer
Soil Moisture and Ocean Salinity
Study of the Northern Alaska Coastal System
Snow Data Assimilation System
Signal-to-Noise Ratio
Suspended Particulate Matter
Special Sensor Microwave Imager/Sounder
Sea Surface Salinity
Sea Surface Temperature
Science Traceability matrix
Shortwave Infra-Red
Surface Water Ocean Topography
Total Alkalinity
Thermal And Near-infrared Sensor for carbon Observation
Thermal Infrared Sensor
Total Suspended Matter
Thematic Mapper
University-National Oceanographic Laboratory System
United States Coast Guard Cutter
Ultraviolet
Visible Infrared Imaging Radiometer Suite
Visible-Near Infrared
Volume Scattering Function
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