
INTERNATIONAL 
ARCTIC SYSTEMS 
FOR OBSERVING 
THE ATMOSPHERE
An International Polar Year 
Legacy Consortium

by Taneil UTTal, Sandra STarkweaTher, JameS r. 
drUmmond, Timo Vihma, alexander P. makShTaS,  
liSa S. darby, John F. bUrkharT, ChriSToPher J. Cox, 
laUren n. SChmeiSSer, ThomaS haiden, marion maTUrilli, 
maTThew d. ShUPe, GiJS de boer, aUromeeT Saha, andrey 
a. GraCheV, Sara m. CrePinSek, lori brUhwiler, barry 
GoodiSon, brUCe mCarThUr, Von P. walden, edward 
J. dlUGokenCky, P. ola G. PerSSon, Glen leSinS, TUomaS 
laUrila, John a. oGren, roberT STone, CharleS n. lonG, 
SanGeeTa Sharma, andreaS maSSlinG, daVid d. TUrner, 
diane m. STaniTSki, eiJa aSmi, mika aUrela, henrik SkoV, 
konSTanTinoS eleFTheriadiS, aki VirkkUla, andrew PlaTT, 
eirik J. Førland, yoShihiro iiJima, inGeborG e. nielSen, 
miChael h. berGin, laUren CandliSh, nikiTa S. ZimoV, 
SerGey a. ZimoV, norman T. o’neill, Pierre F. FoGal,  
riGel kiVi, elena a. konoPleVa-akiSh, JohanneS Verlinde, 
VaSily y. kUSToV, brian VaSel, VikTor m. iVakhoV, yrJö 
ViiSanen, and JaneT m. inTrieri

Observatories encircling the Arctic Ocean are networked to 

better understand the role of the atmosphere in the Arctic system.

G lobal climate change is visibly and tangibly manifested through  
 the Arctic cryospheric system: sea ice loss, earlier spring snowmelts,  
 thawing permafrost, retreating glaciers, and coastal erosion. 

While not as visibly manifest, the role of the atmosphere is also a critical 
component in determining the trajectory of the Arctic system. The 
atmosphere not only drives change, but is reciprocally being modified 
through a complex web of feedbacks, and is the fast-track mechanism for 
the transport of energy and moisture through the global system that links 
climate and weather. For decades, it has been recognized that fundamental 
components of the atmospheric system such as clouds, atmospheric trace 
gases, aerosols, and atmosphere–surface exchange processes compose some 
of the major uncertainties that limit the diagnostic or predictive skill of 
coupled atmosphere–ice–ocean–terrestrial models (IPCC 2013, chapter 9). 
Arctic nations have responded in recent decades by establishing  

A micrometeorological tower in Tiksi, Russia 
is used to determine the atmospheric-surface 
energy balance. (Photo credit: Vasily Kustov)



long-term Arctic observatories with the objective of 
sustained monitoring and process-oriented interro-
gation of the Arctic atmosphere. However, it is clear 
that these independent endeavors and substantial 
investments in year-round, high-latitude observing 
infrastructure cannot independently produce a 
comprehensive perspective of the Arctic atmo-
sphere because of 1) the regional diversity of various 
Arctic physical subsystems and the 2) operational 
constraints imposed by geopolitical boundaries. 
Accordingly, the International Arctic Systems for 
Observing the Atmosphere (www.iasoa.org) is a con-
sortium of researchers and operators who are focused 
on using pan-Arctic observations collaboratively to 
improve our understanding of the Arctic atmosphere 
by answering the following questions:

• What are the impacts of short-lived climate forcers 
such as black carbon, ozone, and methane on the 
Arctic climate system?

• What are the processes that control the forma-
tion, longevity, and microphysical/macrophysical 
properties of Arctic clouds including the effects 
of, and sensitivities to, aerosols?

• How do atmosphere–surface exchanges of heat, 
energy, and gases drive changes in the Arctic 
cryosphere (permafrost, snow cover, glaciers, and 
sea ice) and ecosystems?

• What are the two-way linkages between the Arctic 
and global weather and climate?

THE ORIGINS OF IASOA. The concept for 
the International Arctic Systems for Observing the 
Atmosphere (IASOA) was first developed during 
the International Polar Year (IPY) to address the 
requirement for intentional and international 
collaboration that would result in a pan-Arctic, 
networked observing system. The IPY was an 
International Year of Science (Krupnik et al. 2011) 
focused on Arctic and Antarctic physical science, 
social science, and educational activities. The IPY 
actually spanned a 2-yr period between March 
2007 and March 2009 to ensure that full cover-
age of complete annual cycles would be obtained 
for both poles and was the fourth in a series of 
similarly themed polar years conducted in 1882–83, 
1932–33, and 1957–58. In preparation for the IPY, 
an International Programme Office (IPO) released 

AFFILIATIONS: UTTal, darby, brUhwiler, dlUGokenCky, oGren, 
STaniTSki, VaSel, and inTrieri—NOAA/Earth System Research 
Laboratory, Boulder, Colorado; STarkweaTher, Cox, SChmeiSSer, 
ShUPe, de boer, GraCheV, CrePinSek, PerSSon, and lonG—
Cooperative Institute for Research in the Environmental Sciences, 
University of Colorado Boulder, and NOAA/Earth System Research 
Laboratory, Boulder, Colorado; drUmmond and leSinS—Department 
of Physics and Atmospheric Science, Dalhousie University, Halifax, 
Nova Scotia, Canada; Vihma—Finnish Meteorological Institute, 
Helsinki and Sodankylä, Finland, and University Centre in Svalbard, 
Longyearbyen, Norway; makShTaS and kUSToV—Arctic and Antarctic 
Research Institute, St. Petersburg, Russia; bUrkharT—Department 
of Geosciences, University of Oslo, Olso, Norway, and University 
of California, Merced, Merced, California; haiden—European 
Centre for Medium-Range Weather Forecasts, Reading, United 
Kingdom; maTUrilli—Alfred Wegener Institute, Helmholtz Centre 
for Polar and Marine Research, Potsdam, Germany; Saha—
Le Centre d’Applications et de Recherches en Télédétection 
(CARTEL), Université de Sherbrooke, Sherbrooke, Quebec, 
Canada, and Environment Canada, Downsview, Ontario, Canada; 
GoodiSon—Retired (Environment Canada, Downsview, Ontario, 
Canada); mCarThUr—Agriculture and Agri-Food Canada, Ottawa, 
Ontario, Canada; walden—Department of Civil and Environmental 
Engineering, Washington State University, Pullman, Washington; 
laUrila, aSmi, aUrela, VirkkUla, kiVi, and ViiSanen—Finnish 
Meteorological Institute, Helsinki and Sodankylä, Finland; STone—
Retired (CIRES/Earth System Research Laboratory), Boulder, 
Colorado; Sharma and PlaTT—Environment Canada, Downsview, 
Ontario, Canada; maSSlinG, SkoV, and nielSen—Department of 
Environmental Science, Aarhus University, Roskilde, Denmark, 

and Arctic Research Centre, Aarhus University, Aarhus, Denmark; 
TUrner—NOAA/National Severe Storms Laboratory, Norman, 
Oklahoma; eleFTheriadiS—Environmental Radioactivity Laboratory, 
Institute of Nuclear and Radiological Science and Technology, Energy 
and Safety, National Centre of Scientific Research Demokritos, 
Athens, Greece; Førland—Norwegian Meteorological Institute, 
Oslo, Norway; iiJima—Institute of Climate and Environmental 
Research, Japan Agency for Marine–Earth Science and Technol-
ogy, Yokosuka, Kanagawa, Japan; berGin—Civil and Environmental 
Engineering, Duke University, Durham, North Carolina; CandliSh—
Centre for Earth Observation Science, University of Manitoba, 
Winnipeg, Manitoba, Canada; n. S. ZimoV and S. a. ZimoV—North-
East Scientific Station, Pacific Institute of Geography, Russian 
Academy of Sciences, Cherskii, Republic of Sakha, Yakutia, Russia; 
o’neill—CARTEL, Université de Sherbrooke, Sherbrooke, Quebec, 
Canada; FoGal—Department of Physics, University of Toronto, 
Toronto, Ontario, Canada; konoPleVa-akiSh—Science and Tech-
nology Corporation, and NOAA/Earth System Research Labora-
tory, Boulder, Colorado; Verlinde—Department of Meteorology, 
The Pennsylvania State University, University Park, Pennsylvania; 
iVakhoV—Main Geophysical Observatory, St. Petersburg, Russia
CORRESPONDING AUTHOR: Taneil Uttal, NOAA/Earth System 
Research Laboratory, 325 Broadway, Boulder, CO 80305
E-mail: taneil.uttal@noaa.gov

The abstract for this article can be found in this issue, following the table 
of contents.
DOI:10.1175/BAMS-D-14-00145.1

In final form 18 September 2015
©2016 American Meteorological Society

1034 JUNE 2016|

http://www.iasoa.org
mailto:taneil.uttal%40noaa.gov?subject=
http://dx.doi.org/10.1175/BAMS-D-14-00145.1


a call for expressions of intent (EoIs) and organized 
resulting submissions into clusters. IASOA resulted 
from a cluster of proposed efforts from 20+ indi-
vidual EoIs, submitted by seven of the eight Arctic 
countries, including Canada, Russia, United States, 
Finland, Denmark, Norway, and Sweden. The com-
mon theme linking the IASOA EoIs was improving 
ground-based, atmospheric observational capacity 
and coverage in the data-sparse Arctic. The IASOA 
IPY cluster originally developed the following state-
ment of requirements:

To adequately monitor and understand Arctic cli-
mate and processes, a necessary component is the 
development and uninterrupted support of a system 
of strategically located, long-term Atmospheric 
Observatories. In addition to the routine measure-
ments made at meteorological stations and more 
densely distributed networks, the Observatories 
are/will be designed to make intensive measure-
ments at the surface and through the depth of the 
atmosphere. Measured quantities can include (but 
are not limited to) solar radiation, aerosol physical 
and chemical properties, air chemistry, trace gases, 
cloud properties, water vapor, ozone, temperatures, 
winds, surface albedo and stratospheric properties. 
IASOA will coordinate intensive measurements 
of the Arctic atmosphere over Canada, Russia, the 
U.S., Finland, Greenland, Norway and Sweden. The 
focus of the program is to combine information so 
that it can be determined WHY, not just HOW the 
atmosphere is affecting Arctic climate change. The 
activities and partnerships initiated during the IPY 
are expected to continue for decades.

The original member observatories in the IASOA 
consortium were Barrow (Alaska), Eureka and Alert 
(both in Nunavut, Canada), Summit (Greenland), Ny-
Ålesund (Norway), Pallas and Sodankylä (Finland), 
Tiksi and Cherskii (Russia), and Abisko1 (Sweden). 
All of the stations implemented major upgrades 
during (Darby et al. 2011) and since the IPY; the Tiksi 
location in particular was identified by IASOA as a 
location where it would be particularly advantageous 
to rebuild measurement capacity (Uttal et al. 2013) 
to close a geographical gap in the eastern Arctic. 
Also, during the IPY, various traditional avenues 
were pursued to foster collaborations between ob-
servatory researchers with special sessions and side 
meetings at international venues such as American 
and European Geophysical Union conferences and 
through a website originally supported by Norway, 
Canada, and the United States.

STRATEGIC DEVELOPMENT. The official end of 
the IPY was marked by the IPY2012 From Knowledge 
to Action meeting in Montreal, Quebec, Canada (www 
.ipy2012montreal.ca). IASOA was emerging from the 
IPY with not only significantly enhanced measurement 
capabilities, but also a promising vision of promoting 
collaborative science based on the premise that no one 
nation could independently monitor (because of the 
enormous expenses associated with operating Arctic 
stations) or understand (because of the regional diversity 
spread over geopolitical boundaries) the complexities of 
the Arctic atmosphere. Despite the compelling concept 
of a collaborative network of Arctic observatories, it 
was unclear which aspects of IASOA’s potential contri-
butions should be prioritized, or how IASOA’s vision 
could be implemented on voluntary efforts and shared 
intentions alone. An important initial exercise was 
to assess IASOA’s potential legacy work in relation to 
other efforts in the Arctic constellation of national and 
international organizations that were already focused on 
enabling Arctic science, typically by creating inventories, 
developing science plans, identifying driving science 
questions, supporting assessments, and conducting 
surveys of societal needs. In other words, an inaugural 
step was to focus on exactly what IASOA would do as 
a body, and how it would do it without duplicating the 
efforts of other Arctic science organizations. Relevant 
organizations included the International Arctic Science 
Committee–Atmosphere Working Group (IASC-
AWG; www.iasc.info), the Sustaining Arctic Observing 
Networks (SAON; www.arcticobserving.org), and the 
Arctic Council’s Arctic Monitoring and Assessment 
Program (AMAP; Table 1).

A newly formed IASOA steering committee (www 
.esrl.noaa.gov/psd/iasoa/steering_committee) met 
for the first time at the Montreal conference. It was 
agreed that

“The mission of IASOA is to advance and coordinate 
research objectives from independent pan-Arctic 
atmospheric observatories through (1) strategically 
developing comprehensive observational capacity, 
(2) facilitating data access and usability through a 
single gateway, and (3) mobilizing contributions to 
synergistic science and socially-relevant services 
derived from IASOA assets and expertise.”

This mission statement is the foundation for the 
observatories–data–science approach described in 
this article.

1 The Swedish Abisko Scientific Research Station was an 
original IASOA station that did not continue participation.
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THE OBSERVATORIES. IASOA defines an 
observatory as a facility or collection of collocated 
facilities that is staffed throughout the year, is in-
tended to operate into the foreseeable future, and has 

a significant observing capacity above and beyond 
standard meteorological measurements. Currently 
IASOA has 10 member observatories (Fig. 1). While 
the IASOA observatories have overlapping scientific 

Table 1. Summary of the enabling and integrating objectives of IASOA compared to IASC-AWG, SAON, 
and AMAP. The extensive IASOA cross cut is enabled by a focus on 1) Arctic, 2) atmospheric, and 3) 
surface-based observations, as well as 4) the long term.

Pan-Arctic collaborative activities IASOA IASC–AWG SAON AMAP

Enabling science Science planning × × ×* ×

Developing inventories of activities and data × ×

Advancing access to observational data × ×

Coordinating observations and experiments × ×

Integrating science Producing pan-Arctic data products × ×**

Advancing topical network science × ×** ×

Advancing Arctic system science × ×

Producing decision-relevant assessments and services ×* ×

* Included in future plans.
** Not a focus of SAON as a whole, but included in some SAON contributing projects.

Fig. 1. Locations of the IASOA observatories
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objectives, each has a unique history based on mixed 
and evolving scientific and nonscientific purposes. 
The governance structure of each observatory has 
also developed uniquely; some are centrally man-
aged through sponsoring environmental agencies 
with missions to support long-term observing (e.g., 
Barrow, Alert, Pallas), others are the result of an inter-
national consortium of institutions (e.g., Ny-Ålesund 
and Tiksi), and yet others are reliant on the success 
of competitive, multiyear academic grant funding 
to define their evolving objectives (e.g., Eureka and 
Summit). This has implications for how observatory 
scientists conduct research, how they participate in 
IASOA, and how they share data.

The observatories also have a wide range of ob-
servational capabilities with some stations focused 
on conducting long-term measurements that support 
global observing networks, for instance the Global 
Atmosphere Watch (GAW; www.wmo.int/gaw), the 
Network for the Detection of Atmospheric Compo-
sition Change (NDACC; www.ndsc.ncep.noaa.gov), 
the Baseline Surface Radiation Network (BSRN; 
www.ndsc.ncep.noaa.gov), the Global Climate 
Observing System (GCOS) Reference Upper-Air 
Network (GRUAN; www.wmo.int/pages/prog/gcos 
/index.php?name=GRUAN), and the Aerosol Robotic 
Network (AERONET; http://aeronet.gsfc.nasa.gov). 
Other “supersite” observatories have a mission to 
collect advanced, collocated data to understand the 
processes driving the atmospheric system (cloud 
microphysics, aerosol direct and indirect effects, 
interaction between atmospheric gases, radiant 
energy transfers, and atmospheric coupling with 
the underlying surface). These observatories deploy 
technologically advanced passive and active sensors 
such as radars, lidars, and spectral radiometers.

Aside from the variety of governance models and 
observing assets, the observatories also represent 
a vast diversity of Arctic subregions with different 
climatologies, geographies, and biomes so that each 
IASOA observatory effectively gathers informa-
tion on a unique Arctic regional system subtype. A 
summary of the salient features of the observatories 
is presented in Table 2.

DATA. IASOA’s vision for integrated data sharing 
predates the National Science Foundation Advisory 
Committee for Geosciences Strategic Plan (NSF GEO 
Advisory Committee 2012), but directly addresses 
their recommendation: “While many countries have 
their own capabilities, to provide a complete global 
data set there is a need to develop an intelligently 
integrated and consistent system for observing with 

transparency relative to aspects such as calibration, 
algorithms, and data utilization.” At the inaugural 
meeting of the IASOA science committee in 2012, dis-
covery and access to data were identified as essential. 
Consequently, IASOA has developed an innovative 
and dynamically generated data portal (www.esrl 
.noaa.gov/psd/iasoa/dataataglance) that provides 
direct access to original datasets and data products 
from across the IASOA network. The mechanics of 
the data portal are discussed with some detail in the 
Inbox article in this issue (Starkweather and Uttal 
2016).

SCIENCE WORKING GROUPS. To further 
capitalize on new measurement infrastructure devel-
oped during the IPY and an increasingly functional 
data portal, IASOA began accelerating the collab-
orative research process (Wulf 1993) by initiating a 
number of thematic working groups in 2013 (Table 3). 
This section describes the current direction of three 
active working groups (those dealing with aerosols, 
radiation, and surface–atmosphere exchanges) and 
the scientific impetus for developing three additional 
working groups (investigating regional predictions, 
trace gases, and clouds) in the near future.

Aerosol Working Group. In recent years, considerable 
international attention and policy development have 
been directed toward the abatement of black carbon 
in the atmosphere as a result of questions about the 
negative climate and health impacts of black carbon 
in the Arctic (e.g., Quinn et al. 2011). Black carbon 
affects Arctic climate through the direct absorption 
of incoming solar radiation, aerosol indirect effects on 
cloud radiative forcing, and modification of surface 
albedo when deposited on snow (Quinn et al. 2008). 
Work is being done on many fronts related to the 
Arctic black carbon topic, including the develop-
ment of emissions inventories, analyses of transport 
trajectories and sources, modeling of black carbon in 
the atmosphere (Eckhardt et al. 2015), and measure-
ments in the snow (Grenfell et al. 2009), in order to 
better understand the black carbon climatology and 
resulting climatic implications (Sharma et al. 2006; 
Hegg et al. 2009; Doherty et al. 2010).

Seven IASOA observatories (Alert, Barrow, Pallas, 
Summit, Tiksi, Station Nord, and Ny-Ålesund) 
monitor aerosol optical properties including concen-
trations of absorbing equivalent black carbon (EBC; 
Petzold et al. 2013). Despite the unique and exciting 
analysis opportunities afforded to scientists by an 
Arctic-wide EBC measurement network, comparing 
data across stations requires caution because diverse 
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filter-based instruments have been deployed. Multi-
instrument comparison requires a process of disen-
tangling differences in instrument-reported values in 
order to get comparable data from each instrument 
across the network. Because of the large uncertainty 
still surrounding the correction schemes for these 
instruments, absolute EBC values are being teased 
out from instrument light attenuation measurements; 

here, normalized comparisons are possible (Fig. 2). 
Most EBC observations from IASOA stations dem-
onstrate the expected high EBC loading relative to 
the annual average in spring and winter, indicative of 
the well-documented phenomenon of “Arctic haze” 
(Shaw 1995; Quinn et al. 2008). Exceptions to this 
seasonal variability pattern include Summit (3250 m 
MSL), which follows the pattern suggested by Scheuer 

Table 3. IASOA began the process of convening open collaborative working groups in 2013. Each group’s  
focus is influenced by the interest of its investigators. Three groups (Aerosols, Radiation, and Atmosphere–
Surface Exchanges) have actively convened; three groups (Regional Prediction, Trace Gases, and Clouds) 
are in the process of forming.

Working group Status Focus Collaboration

Aerosols Convened since 
May 2013

Developing consistent error correction schemes for historical 
aethalometer data from six observatories

20 collaborators 
from seven sites

Synthesizing a pan-Arctic climatology of aerosol optical 
properties from IASOA observatories

Radiation Convened since 
May 2013

Developing a cross-site framework for long-term albedo 
trends

22 collaborators 
from six sites

Developing a cross-site framework for cloud radiative forcing 
analysis

Developing a cross-site framework for longwave radiation 
trends and processes

Exploring statistical relationships between radiation anomalies 
and Arctic system change

Developing value-added data products from broadband 
radiation measurements

Atmosphere–surface 
exchange

Convened since 
Mar 2014

Developing intercomparable data products for radiative, 
turbulent, conductive heat, and trace gas fluxes from IASOA 
and other contributing Arctic sites

24 collaborators 
from nine or more 
sites

Developing consistent methods for characterization of high-
latitude sites and means to address scale issues

Sharing best practices for high-latitude flux observations

Regional processes Planned for 2015 Organizing IASOA activities for the Year of Polar Prediction To be determined 
(TBD)Identifying key data products to develop from sometimes 

heterogeneous, long-term meteorological observations

Promoting the use of IASOA data in global and regional 
reanalysis and prediction models

Conducting circumpolar analyses of linkages between the 
Arctic and lower latitudes

Trace gas Planned for 
2015–16

Bounding and describing the regional and interannual 
variability in key trace gas observations around the Arctic

TBD

Studying key processes that control uptake and deposition of 
trace gases in Arctic environment

Serving as an organizational nexus for campaigns that study 
the vertical distribution of key trace gases and deposition 
processes

Clouds Planned for 
2015–16

Bounding and describing macro- and microphysical cloud 
properties in high latitudes

TBD

Bounding and understanding the impacts of clouds on Arctic 
system change
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et al. (2003) of aerosol loading in the free atmosphere 
reaching a peak in summer, and Tiksi, which dem-
onstrates high winter EBC loadings because of its 
proximity to biomass burning and industrial smelting 
sources (Hirdman et al. 2010). The diverse seasonal 
variability at each station shows that a network-based 
collaboration provides necessary insight into the 
complex spatial distribution of EBC, which is con-
trolled by seasonally driven long-range transport and 
by regional sources. The Aerosol Working Group is 
developing standardized EBC and aerosol optical 
properties data products that will be submitted to 
the World Data Center for Aerosols (WDCA) hosted 
at EBAS (http://ebas.nilu.no).

Aerosol optical depth (AOD) is a measure of 
turbidity due to various aerosols (e.g., pollutants, 
smoke, dust, sea salts, and volcanic emissions) being 
distributed through the atmosphere. Derived from 
photometric observations during clear, sunlit periods, 
spectral AOD retrievals are used to quantify aerosol 
abundance and type. NASA’s AERONET program 
operates sun photometers at several Arctic stations 
including four IASOA stations (Ny-Ålesund, Barrow, 
Alert, and Tiksi). Considerable work has gone into 

developing AOD clima-
tologies under Polar-AOD, 
another project initiated 
during IPY (Tomasi et al. 
2012). Stone et al. (2014) 
provide in-depth analyses 
of long-term AOD observa-
tions made at Ny-Ålesund, 
Barrow and Alert in terms 
of aerosol types, annual 
cycles, and interannual 
variations attributed to 
changing emissions and 
atmospheric flow patterns. 
Recently, Saha et al. (2014) 
analyzed Arctic AOD data 
to produce Fig. 3, which 
i l lustrates the seasonal 
and regional complexity of 
aerosol optical properties 
with a general decrease 
in AOD from west to east 
across the western Arctic 
and a general pattern of 
maximum AOD during 
spr ing at t r ibuted to a 
buildup of Arctic haze. The 
IASOA Aerosol Working 
Group will be able to use 

the AOD measurements to link the in situ, surface-
based information on aerosol optical properties to 
larger-scale circulation and emission questions.

Radiation Working Group. Accurate quantification 
of the components that contribute to the surface 
radiation budget is essential for understanding net 
surface–atmosphere exchange processes, cloud 
radiative forcing, and linkages to other components 
of the Arctic system such as sea ice (DeWeaver 2008) 
and snow cover. Five of the IASOA observatories 
(Barrow, Alert, Eureka, Ny-Ålesund, and Tiksi) are 
World Meteorological Organization (WMO) BSRN 
sites, with Summit being a candidate site. The BSRN 
(Ohmura et al. 1998) monitors the surface radia-
tion budget (SRB) as a part of GCOS. The IASOA 
Radiation Working Group interfaces with the BSRN 
Cold Climate Issues Working Group to improve 
Arctic radiometer data quality through standard-
ized field operations and mitigation of rime, frost, 
and accumulation of snow, intermittent operator 
maintenance, and extreme temperatures that can 
result in instrument biases. Also, a recommendation 
from the IASOA Radiation Working Group resulted 

Fig. 2. EBC monthly averages from the year 2012 normalized by the station’s 
local annual average of that same year, showing the annual variability in EBC 
at seven stations within the IASOA network. In the absence of an accepted 
correction scheme, these indicate locally normalized EBC monthly averages 
that indicate a diverse network-wide seasonal variability, but do not indicate 
EBC loading relative to other stations. Data from Barrow, Alert, Pallas, 
Tiksi, and Ny-Alesund are from an aethalometer model AE31 (7 wavelength), 
Summit data are from an aethalometer model AE16 (880 nm), and Station 
Nord data are from a MAAP (670 nm). Normalizing the data by local annual 
averages minimizes any differences between these instruments and allows a 
direct comparison of annual EBC cycles.
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in installation of new instrumentation (Fig. 4) at the 
Summit observatory to provide baseline comparisons 
with a longer-term radiation site

Based on a Ny-Ålesund surface radiation clima-
tology (Maturilli et al. 2015), the IASOA Radiation 
Working Group has begun developing a pan-Arctic 
radiation climatology. The Ny-Ålesund study identi-
fied albedo as an indicator of the snowmelt and snow 
onset dates that were showing climatological trends 
toward longer snow-free summers, with implications 
for ecosystems and regional climate. An expanded 
analysis (Fig. 5) shows the regionally diverse range 
in the timing of the transition from snow-covered to 
snow-free conditions for Ny-Ålesund, Alert, Barrow, 
and Tiksi, as inferred from albedo measurements. 
Factors such as snow accumulation, temperature, 
and cloudiness influence the timing of snowmelt in 
spring (Stone et al. 2002; Stanitski and Stone 2014; 
Cox et al. 2014), which in turn modulates the annual 
surface radiation budget.

Although an IASOA Cloud Working Group is 
being developed, it is clear that there will be areas of 
overlap between working groups with opportunities 
to integrate experts on key topics; for example, the 

Radiation Working Group has begun examining 
cloud representation in models (Fig. 6). Clouds, and 
particularly mixed-phase and high-latitude clouds, 

Fig. 4. An early initiative of the IASOA Radiation 
Working Group was to support the installation of 
radiometers (calibrated in 2014) at Summit Station to 
conduct an in situ intercomparison of BSRN-candidate 
radiometers that were installed in 2004. (Copyrighted 
photo courtesy of R. Albee.)

Fig. 3. AOD monthly climatologies at high-Arctic stations simultaneously showing the spring-to-summer 
decrease, as well as a west-to-east decrease in AOD on a pan-Arctic scale.
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Fig. 5. Daily mean surface albedo 
derived from upward- and downward-
facing broadband shortwave radi-
ometers from the BSRN stations at 
Alert (2005–11; blue), Ny-Ålesund 
(1993–2014; cyan), Barrow (1985–2014; 
red), and Tiksi (1997–2003 and 2011–14; 
black). Shaded regions represent plus 
or minus one standard deviation of 
all years in the record. Horizontal 
dashed black line is the surface albedo 
threshold (0.3) used to identify snow-
free days. The period when albedo 
begins dropping from ~0.8 to ~0.2 is 
the period when the surface transitions 
from snow to snow-free conditions.

Fig. 6. Reasonable agreement is shown between monthly mean (2005–09) cloud fraction for European Centre 
for Medium-Range Weather Forecasts (ECMWF) ERAINT (blue) and HRES (red) models with observations 
(black) at a Department of Energy (DOE) site at Atqasuk, Alaska (50 km inland), while there are substantial 
differences at the coastal IASOA sites Barrow, Eureka, and Ny-Alesund. Shading indicates the range of cloud 
fraction values spanned by the four nearest grid points in the analysis.
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induce some of the largest 
uncertainties in numeri-
cal modeling (Chaudhuri 
et al. 2014; de Boer et al. 
2012). Some of the chal-
lenges with simulation of 
Arctic clouds have come 
from obstacles involved 
with validating the model 
performance through the 
comparison of grid-box-
average cloud properties 
to temporal averages de-
rived at observatories using 
upward-looking sensors 
(e.g., Cox et al. 2014). While 
some of the observato-
ries are adding scanning 
instrument capabilities that 
allow for data products that 
compare more favorably 
with gridbox averages, and 
while continued advance-
ment of instrument simula-
tors should provide a more direct comparison with 
the models, caution must still be exercised when 
making comparisons between models and obser-
vatories at coastal sites (e.g., Barrow), sites that are 
situated within extreme topography (e.g., Eureka), 
and on islands (e.g., Ny-Ålesund). At these locations, 
sharp cloud gradients may exist either in reality or as 
an artifact in the model products. These recognized 
issues with cloud studies are being specifically consid-
ered within the context of the special circumstances 
of the Arctic environment by the IASOA Radiation 
Working Group and will also inform the IASOA 
Cloud Working Group.

Atmosphere–Surface Exchanges Working Group. 
Observational evidence suggests the transfer of 
energy from the atmosphere to the surface is an im-
portant factor driving the fluctuations of the Arctic 
pack ice, seasonal land snow cover, and the warming 
of the surrounding land areas and permafrost lay-
ers (Serreze et al. 2009; Lesins et al. 2009; Döscher 
et al. 2014). To better understand the atmosphere–
surface exchange mechanisms, improve models, 
and diagnose Arctic climate variability, continuous 
accurate measurements are required of all compo-
nents of the total surface energy budget. Seven of the 
IASOA stations (Barrow, Alert, Eureka, Summit, 
Ny-Ålesund, Pallas/Sodankylä, and Tiksi) take 
measurements from micrometeorological towers that 

allow calculation of the turbulent fluxes of sensible 
heat, latent heat (water vapor), momentum, and CO2 
from a number of covariance (e.g., Grachev et al. 
2007) and bulk f lux schemes (e.g., Andreas et al. 
2010). The IASOA Atmosphere–Surface Exchanges 
Working Group is working to standardize methods 
across observatories to create a consistent product 
that can be archived with the global FluxNet (www 
.fluxnet.ornl.gov) program.

Examples of the annual cycles of covariance 
turbulent fluxes for Tiksi and Eureka (Fig. 7) show 
that nonsummer sensible heat f luxes are generally 
downward (heating the surface) and summer fluxes 
generally cool the surface. Moisture f luxes show a 
loss to the atmosphere in summer, and are very small 
during nonsummer seasons. Because soil moisture 
is generally high in early summer just after the 
snowmelt at both locations (~yeardays 160–180), the 
greater moisture loss at Eureka compared to Tiksi 
suggests that the summer atmosphere in Eureka is 
drier and/or that the underlying surface is wetter. 
The IASOA Atmosphere–Surface Exchanges Work-
ing Group is developing strategies, in collaboration 
with terrestrial ecologists and permafrost scientists, 
to characterize surface and subsurface properties 
in the vicinity of the micrometeorological towers 
in order to understand sources of variability and 
determine the relative magnitude of local versus 
regional influences.

Fig. 7. Time series of (a) sensible heat flux (Eureka, 2014), (b) latent heat flux 
(Eureka, 2014), (c) sensible heat flux (Tiksi, 2014), and (d) latent heat flux 
(Tiksi, 2014). Solid lines are 10-day-averaged data. Shaded regions represent 
plus or minus one standard deviation.
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Figure 8 shows the annual cycle composite for 
radiative and turbulent heat components of the 
surface–atmospheric flux as well as the permafrost 
temperature structure at the Alert observatory. This 
single-station analysis forms the basis for the Atmo-
sphere–Surface Exchanges Working Group to pursue 
similar intercomparable analyses at the other IASOA 
stations and for longer multiyear time periods. This 
type of in-depth, multisensor observation of annual 
cycles, their interannual variability, and comparisons 
between stations is expected to lead to an improved 

process-level understanding of atmospheric coupling 
with the Arctic surface.

Regional Processes and Transports Working Group. Arctic 
regional processes (on weather and climate scales) 
have been identified as an important focal area and 
consequently, a Regional Processes and Transports 
Working Group is currently being organized. In 
addition to the needed predictive model improve-
ments in cloud processes and atmosphere–surface 
coupling representation, there is also still a need for 

more basic information on 
vertical profiles of tempera-
ture, humidity, and wind in 
the Arctic atmosphere, as 
demonstrated by the large 
errors found in reanalyses 
(Jakobson et al. 2012), by the 
considerable uncertainty in 
the vertical profiles of Arctic 
warming and heat trans-
port from lower latitudes to 
the Arctic (Graversen et al. 
2008; Screen and Simmonds 
2010) and the continued 
struggles with model repre-
sentation of the atmospheric 
boundary layer.

A desirable criteria met 
by a majority of IASOA 
observatories is colloca-
tion with a multidecadal, 
o n g o i n g  p r o g r a m  o f 
standard meteorological 
measurements. Most of 
the IASOA observatories 
have observer-supported 
meteorologica l records 
that span decades. These 
climatologies are essen-
t ia l for site character-
izat ion, for suggest ing 
processes t hat require 
further investigation, and 
providing historical con-
text for short data records 
collected by more sophis-
ticated sensors. Such data 
become particularly im-
portant for the upcoming 
WMO-supported Polar 
Prediction Project (www 
.po larpred ic t ion .net), 

Fig. 8. (a) Monthly mean values of the radiation (SWnet = shortwave, LWnet 
= longwave) and turbulent (Hl = latent heat, Hs = sensible heat) fluxes for 
2004–07 and the conductive heat flux (F0) for 2005–07. Here, Fatm= SWnet 
+ LWnet + Hl,+ Hs. Annual means of the terms are given in the top left. (b) 
Temperatures in the upper 120 cm of the soil at Alert for 2006. The thick red 
line is the 0°C isotherm.
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which will sponsor the Year of Polar Prediction 
(YOPP) that will comprise coordinated international 
modeling and observational efforts to improve model 
predictive skill in the Arctic region from 2017 to 2019.

The IASOA observatories have some of the 
longest aerological sounding measurements in the 
Arctic region but various authors have commented 
on the difficulty of comparing these observations 
across measurements programs so that they can be 
used reliably to evaluate trends (Gaffen 1994; Seidel 
et al. 2009). Figure 9 shows height-resolved annual 
temperature trends (°C yr−1) based on quality con-
trolled upper-air datasets produced using a consistent 
methodology (Maystrova et al. 1986) for the period 
1950–2013 for Barrow, Alert, Eureka, Tiksi, Cherskii, 
and Sodankylä. All stations show a warming trend 
at lower levels with cooling in the upper levels. 
However, there are significant differences between 
observatories as to the depth of the warming layer, 
with Cherskii and Tiksi showing lower-level warming 
below the 800- and 700-hPa pressure levels, respec-
tively, while Sodankylä, Eureka, Alert, and Barrow 
have increasingly deeper warming layers (up to 500, 
325, and 300 hPa, respectively). In general, the trends 
show interesting variations as a function of height 
and observatory location, varying from −0.06° to 
+0.05°C yr−1. Analyses based on IASOA and other 
circum-Arctic upper-air data also include studies on 
humidity inversions (Nygård et al. 2014).

The possibilities for using reanalyses to quantify 
the warming structure in the Arctic have been evalu-
ated (Chung et al. 2013) and Perlwitz et al. (2015) used 
model experiments to suggest that Arctic sea ice 
loss is the largest contributor to near-surface, Arctic 
tropospheric warming; homogenized data from the 
IASOA network of upper-air stations can provide an 
observational constraint on such model experiments. 
Future efforts for an IASOA Regional Processes and 
Transports Working Group will include efforts to 
further harmonize original, high-resolution sounding 
data, additional comparisons with various reanalysis 
products, and designing increased temporal resolu-
tion (four and six times per day) launch campaigns 
for the YOPP. All 10 of the IASOA stations have 
rawinsonde launch programs but only 3 of the sta-
tions (Barrow, Ny-Ålesund, and Soldankylä), are 
GRUAN stations; a likely objective for the regional 
processes group will be to investigate requirements 
so that more of the IASOA sites will be eligible for 
the GRUAN network. This further utilization of 
circumpolar IASOA upper-air observations together 
with model products supports analyses of two-way 
interactions between the Arctic and the midlatitudes.

Trace Gases Working Group. Characterization and 
improved process understanding of Arctic trace 
gases (particularly methane and ozone) have been 
identified as important focal areas; a Trace Gases 
Working Group to address this area is currently 

Fig. 9. Temperature trends (°C yr–1) from sounding 
data for Barrow, Eureka, Alert, Sodankylä, and Tiksi.
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vations, large sustained 
increases in Arctic CH4 
emissions have not been 
observed.

For CH4, changes in 
Arctic CH4 emissions can 
be detected with good sen-
sitivity by looking at the 
difference between zonal 
averages for high latitudes 
(northern minus south-
ern). The measurements 
at IASOA sites constrain 
est imates of emissions 
over large sca les made 
with inverse models. The 
smoothed decadal trends 
show consistent concen-
trations across sites, with 
smal l dif ferences (e.g., 
Pallas) accounted for by lat-
itudinal gradients and local 
emissions sources. The cur-
rent distribution of sites is 

adequate for determining the large-scale Arctic-wide 
changes in emissions of CH4, but significantly greater 
density of quasi-continuous measurements is neces-
sary to better understand the processes responsible 
for emissions and how they are affected by changing 
climate. A valuable feature of the IASOA observato-
ries is the intensive and sustained process observa-
tions (e.g., turbulent fluxes), at many sites collocated 
with cryospheric and ecosystem studies. Combining 
continuous CH4 surface measurements with f lux 
measurements and ecosystem characterization will 
improve our understanding of the Arctic ecosystem 
response to the changing climate (Christensen 2014).

Tropospheric ozone, and particularly its regionally 
diverse interactions with the Arctic ecosystem, make 
it another trace gas of interest for IASOA science. For 
example, surface ozone depletion events were first 
observed at Alert (Barrie et al. 1988; Bottenheim et al. 
1990) and Barrow (Oltmans et al. 1989) and were 
linked to atmospheric halogen chemistry (bromine) 
processes. Recent research (Oltmans et al. 2012) 
indicates that the ozone depletion events are related 
to increased open-ocean area as the Arctic icepack 
retreats; the resulting open ocean provides a source 
for the ozone-destroying halogens. A side product of 
this reaction of particular concern is the conversion 
of mercury from a nonreactive to a toxic reactive 
form that precipitates into the terrestrial and ocean 
systems; ozone measurements are thus important as 

Fig. 10. Deseasonalized atmospheric CH4 determined from weekly discrete 
air samples. Note that northward transport of changes in emissions at the 
mid- and tropical latitudes is thought to make the largest contribution to the 
upward trend since 2007. Observations from Cold Bay, Alaska, and Station M 
are not part of the IASOA network, but contribute to GAW.

being organized. Globally, CO2 and CH4 are respon-
sible for 82% of increased direct radiative forcing 
since 1750 by long-lived greenhouse gases (Hofmann 
et al. 2006). Increased radiative forcing by CO2 has 
been measured at two Northern Hemisphere sites 
and found to be consistent with radiative transfer 
models (Feldman et al. 2015). Natural emissions of 
these gases are of particular interest in the Arctic 
where there are large vulnerable reservoirs of 
carbon in the soil and possibly clathrates that can 
be released into the atmosphere as CO2 and CH4 by 
thawing and decomposition, potentially acting as a 
positive feedback on global climate. Atmospheric 
CH4, CO2, and their stable isotopic composition 
are measured at seven of the IASOA observatories 
(Aler t , Ny-Ålesund, Summit, Tiksi, Barrow, 
Cherskii, and Pallas). After a hiatus in growth of 
its atmospheric burden from 1999 to 2006 (Fig. 10), 
CH4 began increasing in 2007 (Dlugokencky et al. 
2009). Renewed growth in globally averaged CH4 
since 2007 is at tributed to a combination of 
increased tropical natural emissions and emissions 
from fossil fuel production, agriculture, and waste 
(Bruhwiler et al. 2014; Bergamaschi et al. 2013). The 
increase in annual mean from 2013 to 2014 for CH4 
zonally averaged over 53°–90°N was 11.9 ± 2.0 ppb, 
which is comparable to the global CH4 increase 
(9.4 ± 1.4 ppb). Although interannual variability in 
Arctic emissions are captured in the Arctic obser-
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an indicator of mercury chemistry. Surface ozone 
measurements are made at five of the IASOA observa-
tories (Alert, Barrow, Pallas and Sodankylä, Summit, 
and Tiksi). Comparisons between Barrow and Tiksi 
relate the timing of the ozone depletion events to a 
combination of offshore and onshore air flows and 
the timing of the sea ice retreat (Patrick et al. 2012). 
Figure 11 shows a comparison of the monthly aver-
ages of ozone at Barrow, Alert, Tiksi, and Summit 
for 2011. The maximum variability and lowest ozone 
occurs in Barrow in March–April; for Tiksi and Alert, 
the ozone depletion period is shifted forward into 
April–May. Summit, which is a noncoastal site, has 
generally higher ozone values year-round (40–60 ppb 
as opposed to 5–50 ppb) than the other three sites; 
this is an expected result as Summit is the farthest 
removed from local open-water bromine sources.

Cloud Working Group. Characterization and improved 
process understanding of Arctic clouds has been 

identified as an important focal area; a Cloud Working 
Group to address this area is currently being organized. 
In recent years, significant advancement has been made 
in understanding Arctic mixed-phase clouds, cloud–
radiation–turbulence interactions, and the influence 
of aerosol–cloud–radiation interactions on the surface 
energy budgets (Shupe et al. 2013; Morrison et al. 2012; 
Vavrus 2004; Verlinde et al. 2007; Cox et al. 2015); how-
ever, the topic is complex and significant challenges re-
main. The radars, lidars, and radiometers at four of the 
IASOA observatories (Barrow, Oliktok Point, Eureka, 
and Summit) are powerful tools for determining cloud 
properties and for obtaining process measurements that 
are helpful in improving our understanding of Arctic 
cloud life cycles. For instance, multisensor analysis 
can be used to develop detailed cloud and precipita-
tion masks (Fig. 12); these can then be used to provide 
information not only on cloud heights and temporal 
occurrence, but also the partitioning of liquid and ice 
within mixed-phase clouds (Fig. 13). This partitioning 

Fig. 11. Monthly averages and variability of the surface ozone detected with in situ samplers at Barrow, Alert, 
Tiksi, and Summit during 2011.
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has been demonstrated to play a critical role in the dura-
tion of mixed-phase cloud lifetime, as ice precipitation 
intensity acts as a sink for moisture within the cloud 
layer (Morrison et al. 2012). This information, along 
with collocated measurements of surface radiative flux 

and atmospheric thermodynamics, is critical for quan-
tifying the influence of clouds on the Arctic surface 
energy budget (Zuidema et al. 2005; Shupe and Intrieri 
2004; Curry and Ebert 1992; Intrieri et al. 2002; Dong 
et al. 2010; Miller et al. 2015).

For climate models and global reanalyses 
where a single parameterization must meet 
the needs of a variety of sites, the pan-Arctic 
nature of the IASOA observatories offers a 
true test that extends beyond the measure-
ments from any one site. Therefore, a major 
challenge for the IASOA Cloud Working 
Group will be providing the information 
required for the development of cloud 
microphysical parameterizations that are 
representative of the entire Arctic region 
(Vihma et al. 2014).

NEXT FOR IASOA. IASOA moves 
forward into the future based upon several 
integrating approaches. The first is the 
geographical expansion of several globally 
coordinated, standardized networks of 
observational data that are focused on a 
specific aspect of the atmosphere through 
programs supported by the World Weather 
Watch and similar global networking pro-
grams. Within this context, the IASOA 
observatories can be considered to be a 
regionally specific network of networks with 
a self-given charge to expand global obser-
vations northward (AON 2010). Second, 
the IASOA consortium is promoting 
coordinated investments in value-added, 
often high-technology, observational ca-
pacities that can advance our understand-
ing of not just how the Arctic system is 
changing but also why the system is chang-
ing by collecting data sufficient for determin-
ing processes. This is especially important 
in the changing Arctic environment where 
the physical processes of interest may not 
be static (Jeffries et al. 2013); a recent term 
that summarizes this concept is that of 
“emergent processes,” which appear to be 
resulting from the increasing nonlinearity 
of the Arctic system. Third, it is recognized 
that the Arctic region requires continuous, 
multidecadal measurement programs in 
anticipation of both semirandom events 
(such as ozone depletions) and emerging 
trends (such as changes in cloudiness) since 
it is impossible to go back in time to collect 

Fig. 12. (a)–(f) Examples of combining data from vertically 
pointing active and passive remote sensors to create a cloud 
and (g) precipitation classification mask for a 24 h × 8 km 
time–height cross section on 10 Sep 2006 at Eureka. [Adapted 
from Shupe (2011).]
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observations that were not 
made and, which in hind-
sight, may be critical. This 
may be particularly impor-
tant in planning for the mit-
igation of extreme events 
such as volcanic eruptions, 
sudden upticks in meth-
ane release, or man-made 
disasters such as oil spills. 
Finally, the IASOA con-
sortium acknowledges that 
there is a growing need in 
the increasingly busy Arctic 
for use-inspired science that 
feeds into services to sup-
port transportation, safety, 
energy development, en-
vironmental stewardship, 
and anticipation/mitigation 
of the impacts of climate 
change on resident Arctic 
communities and global 
weather. A future emphasis 
on services will require 
identification and prioriti-
zation of the measurements 
needed, not only from a 
scientific, but also from a 
stakeholders’ point of view 
(Murray et al. 2012).

Data that were collected 
during the first IPY in 1882–83 by a similar meteoro-
logical network were not analyzed for over 122 years 
(Wood and Overland 2006). The IASOA consortium 
has mobilized in response to the lesson learned from 
this history. Although recent data availability is be-
ginning to result in multiobservatory analyses (e.g., 
Eckhardt et al. 2015; Berchet et al. 2015; Stone et al. 
2014) that were not coordinated by IASOA, it cannot 
be assumed that full utilization of the networked ob-
servatory data will happen spontaneously. It is for this 
reason that one decade after its inception, IASOA is 
supporting a pan-Arctic, international collaboration 
that is furthering a network-based science approach 
to understanding the Arctic atmosphere system.

In addition to studies that focus on a particular 
aspect of the Arctic atmosphere, there is an ambitious 
intention of eventually integrating between the 
traditional atmospheric discipline boundaries of aero-
sols, radiation, atmosphere–surface exchanges, regional 
processes, trace gases, and clouds to create a system-sci-
ence understanding of the Arctic atmosphere (Fig. 14).

Furthermore, although IASOA observations 
and science are conducted largely within the cir-
cumscribed boundaries of the Arctic atmosphere, 
the IASOA constituency is keenly aware of the 
tremendous opportunities and potential of an even 
more holistic Arctic system-science picture that 
involves interacting with colleagues from the cryo-
spheric, terrestrial, and oceanographic communities. 
Collaborative opportunities are being discovered and 
built between IASOA and organizations such as the 
World Meteorological Organization’s (WMO) Global 
Cryosphere Watch (GCW; globalcryospherewatch 
.org) and the European Union (EU)-led International 
Network for Terrestrial Research and Monitoring in 
the Arctic (INTERACT; www.eu-interact.org). Given 
the current Arctic research focus on the state and 
fate of Arctic Ocean sea ice, IASOA research efforts 
must certainly be coordinated in the future to address 
the coupled atmosphere–ocean system, specifically 
investigating the role of atmospheric forcing on 
interannual sea ice variability and predictability 

Fig. 13. (top) Monthly mean occurrence fraction and (bottom) cloud bound-
ary statistics for cloud ice (blue) and cloud liquid (red) layers for Barrow and 
Eureka. Bottom panels show low base height (bottom of bar), high top height 
(top of bar), and total thickness (symbol). Annual mean values are provided 
on the far right side. [Adapted from Shupe (2011).]
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(e.g., Makshtas et al. 2012; Nedashkovsky et al. 2009; 
Semiletov et al. 2004). Within this context, IASOA 
provides a linkage between land and ocean processes 
by providing a picket fence of measurements around 
the Arctic Ocean.

Finally, because IASOA is designed to scale up 
Arctic perspectives in many ways—single types 
of measurements between stations (e.g., Fig. 11), 
multiple coordinated atmospheric measurements 
at a single station (e.g., Fig. 8), variability between 
Arctic subregions, and atmospheric linkages with 
other components of the Arctic system—the IASOA 
consortium is also particularly well positioned to 
contribute to campaign programs such as the Pan 
Eurasian Experiment (PEEX; www.atm.helsinki.fi 
/peex) and the Year of Polar Prediction (YOPP).

The IASOA collaboration is built upon volun-
tary in-kind contributions of the many institutions 
and organizations investing in Arctic atmospheric 

observations and the efforts of scores of Arctic 
researchers that result from annual expenditures 
of many millions of dollars, euros, rubles, and 
kroner, as well as contributions from many non-
Arctic countries. These expenditures are significantly 
leveraged by a relatively small investment (currently 
made by the U.S. National Oceanic and Atmospheric 
Administration and in the past by the U.S. National 
Science Foundation) to support an implementation 
scientist to manage development of the data portal 
and facilitation of the working groups (Starkweather 
and Uttal 2016) as well as continued development of 
the IASOA website (www.iasoa.org).

In concluding this article, special note must 
be made of the operators that live and work at 
the IASOA observatories in the frequently dark, 
freezing, and hazardous conditions for assignment 
periods that vary from days to decades. Without 
this small and dedicated group of individuals the 

Fig. 14. Schematic of parameters and processes that are measured at the IASOA observatories (in the atmo-
spheric regions over land) and/or impacted by or have impacts on the atmosphere (over ocean regions). The 
figure represents Arctic “day” elements on the left and Arctic “night” elements on the right. “SW” = shortwave 
radiation, “LW” = LW radiation, “C” = soil fluxes, and “L S” = latent and sensible heat fluxes.
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measurement programs would be unsustainable. 
It is to their credit that each of the trillions of data 
points they have collected may now contribute to a 
critical understanding of Arctic mysteries that are 
of consequence for the entire planet. The resulting 
heritage of information increases in significance as 
data collection efforts are expanded, sustained, and 
utilized by a world in which the Arctic is emerging 
politically, economically, and climatologically as an 
increasingly significant player.

ACKNOWLEDGMENTS. The support of the following 
agencies is acknowledged: the National Oceanic and Atmo-
spheric Administration (NOAA) Climate Program Office’s 
Arctic Research Program, the National Science Founda-
tion (ARC-1107428, ARC-0904152, PLR-1314156, PLR-
1203889, ARC 12-16489, PLR-1303879, PLR-1546002, PLR-
1042531, ARC-0856773, and PLR-1414314), the NOAA/
Earth System Research Laboratory’s Physical Sciences 
Division and Global Monitoring Division, the Academy of 
Finland (269095, 259537, 283101, and 118615), the KONE 
Foundation (46-6817), a Magnus Ehrnooth Foundation 
grant for “Natural climate feedbacks of aerosols in the 
Arctic,” the Government of Canada International Polar 
Year, the Canadian Natural Sciences and Engineering 
Research Council, the Canadian Foundation for Climate 
and Atmospheric Sciences, the Ontario Innovation Trust, 
the Ontario Research Fund, Indian and Northern Affairs 
Canada, the Polar Continental Shelf Program, the NSERC 
Collaborative Research and Training Experience—
Training Program in Arctic Atmospheric Science, the 
Canadian Foundation for Innovation, Environment 
Canada (EC) Climate Research Division/Atmospheric Sci-
ence and Technology Branch and AEROCAN/AERONET 
program, Technology Directorate of Environment 
Canada, the Canadian Space Agency, the Roshydromet 
Arctic and Antarctic Research Institute, the Roshydromet 
Main Geophysical Observatory, the Russian Academy of 
Sciences Institute of Atmospheric Physics, the Danish 
Environmental Protection Agency, the Nordic Centre 
of Excellence (CRAICC), the Royal Danish Air Force, 
the Villum Foundation, the U.S. Civilian Research and 
Development Foundation (RUG1-2976-ST-10), the NOAA/
National Severe Storms Laboratory, the Department of 
Energy Atmospheric System Research program (DE-
SC0008830, DOE DE-SC0011918, DE-FG02-05ER64058, 
and DE-SC0013306), and EU programs FP6 and FP7. There 
are a number of individuals without whom the IASOA 
would have been impossible including John Calder, Artur 
Chilingarov, Simon Stephenson, Yuri Tsaturov, Alexander 
Bedritsky, Alexander Frolov, Kathy Crane, and Russell 
Schnell. This article is dedicated to the memory of Lisa 
LeBlanc, Alexander Reshetnikov, and John Lau Hansen.

REFERENCES
Andreas, E. L, T. W. Horst, A. A. Grachev, P. O. G. 

Persson, C. W. Fairall, P. S. Guest, and R. E. Jordan, 
2010: Parameterizing turbulent exchange over 
summer sea ice and the marginal ice zone. Quart. J. 
Roy. Meteor. Soc., 136, 927–943, doi:10.1002/qj.618.

Barrie, L. A., J. W. Bottenheim, R. C. Schnell, P. J. 
Crutzen, and R. A. Rasmussen, 1988: Ozone destruc-
tion and photochemical reactions at polar sunrise in 
the lower Arctic atmosphere. Nature, 334, 138–144, 
doi:10.1038/334138a0.

Berchet, A., and Coauthors, 2015: Atmospheric con-
straints on the methane emission from the East 
Siberian Shelf. Atmos. Chem. Phys. Discuss., 15, 
25 477–25 501, doi:10.5194/acpd-15-25477-2015.

Bergamaschi, P., and Coauthors, 2013: Atmospheric CH4 
in the first decade of the 21st century: Inverse model-
ing analysis using SCIAMACHY satellite retrievals 
and NOAA surface measurements. J. Geophys. Res. 
Atmos., 118, 7350–7369, doi:10.1002/jgrd.50480.

Bottenheim, J. W., L. A. Barrie, E. Atlas, L. E. Heidt, 
H. Niki, R. A. Rasmussen, and P. B. Shepson, 1990: 
Depletion of lower tropospheric ozone during Arctic 
spring: The Polar Sunrise Experiment. J. Geophys. 
Res., 95, 18 555–18 568, doi:10.1029/JD095iD11p18555.

Bruhwiler, L., and Coauthors, 2014: CarbonTracker-
CH4: An assimilation system for estimating emis-
sions of atmospheric methane. Atmos. Chem. Phys., 
14, 8269–8293, doi:10.5194/acp-14-8269-2014.

Chaudhuri, A. H., R. M. Ponte, and A. T. Nguyen, 2014: 
A comparison of atmospheric reanalysis products 
for the Arctic Ocean and implications for uncer-
tainties in air–sea fluxes. J. Climate, 27, 5411–5421, 
doi:10.1175/JCLI-D-13-00424.1.

Christensen, T. R., 2014: Climate science: Understand 
Arctic methane variability. Nature, 509, 279–281, 
doi:10.1038/509279a.

Chung, C. E., H. Cha, T. Vihma, P. Räisänen, and 
D. Decremer, 2013: On the possibilities to use atmo-
spheric reanalyses to evaluate the warming structure 
in the Arctic. Atmos. Chem. Phys., 13, 11 209–11 219, 
doi:10.5194/acp-13-11209-2013.

Cox, C. J., V. P. Walden, G. P. Compo, P. M. Rowe, M. D. 
Shupe, and K. Steffen, 2014: Downwelling longwave 
flux over Summit, Greenland, 2010–2012: Analysis of 
surface-based observations and evaluation of ERA-
Interim using wavelets. J. Geophys. Res. Atmos., 119, 
12 317–12 337, doi:10.1002/2014JD021975.

—, —, P. M. Rowe, and M. D. Shupe, 2015: 
Humidity trends imply increased sensitivity to 
clouds in a warming Arctic. Nature Commun., 6, 
1–8, doi:10.1038/ncomms10117.

1053JUNE 2016AMERICAN METEOROLOGICAL SOCIETY |

http://dx.doi.org/10.1002/qj.618
http://dx.doi.org/10.1038/334138a0
http://dx.doi.org/10.5194/acpd-15-25477-2015
http://dx.doi.org/10.1002/jgrd.50480
http://dx.doi.org/10.1029/JD095iD11p18555
http://dx.doi.org/10.5194/acp-14-8269-2014
http://dx.doi.org/10.1175/JCLI-D-13-00424.1
http://dx.doi.org/10.1038/509279a
http://dx.doi.org/10.5194/acp-13-11209-2013
http://dx.doi.org/10.1002/2014JD021975
http://dx.doi.org/10.1038/ncomms10117


Curry, J. A., and E. E. Ebert, 1992: Annual cycle of 
radiative f luxes over the Arctic Ocean: Sensitivity 
to cloud optical properties. J. Climate, 5, 1267–1280, 
doi:10.1175/1520-0442(1992)005<1267:ACORFO 
>2.0.CO;2.

Darby, L. S., and Coauthors, 2011: IPY Observing Sys-
tems, Their Legacy and Data Management. Interna-
tional Arctic Systems for Observing the Atmosphere 
(IASOA), Understanding Earth’s Polar Challenges: 
International Polar Year 2007–2008, E. Sarukhanian 
and C. Summerhayes, Eds., International Council for 
Science, 357−476.

de Boer, G., W. Chapman, J. E. Kay, B. Medeiros, M. D. 
Shupe, S. Vavrus, and J. Walsh, 2012: A charac-
terization of the present-day Arctic atmosphere 
in CCSM4. J. Climate, 25, 2676–2695, doi:10.1175 
/JCLI-D-11-00228.1.

DeWeaver, E. T., 2008: Arctic sea ice decline: Introduc-
tion. Arctic Sea Ice Decline: Observations, Projections, 
Mechanisms, and Implications, E. T. DeWeaver, C. 
M. Bitz, and L.-B. Tremblay, Eds., Amer. Geophys. 
Union, doi:10.1029/180GM02.

Dlugokencky, E. J., and Coauthors, 2009: Observa-
tional constraints on recent increases in the atmo-
spheric CH4 burden. Geophys. Res. Lett., 36, L18803, 
doi:10.1029/2009GL039780.

Doherty, S. J., S. G. Warren, T. C. Grenfell, A. D. Clarke, 
and R. E. Brandt, 2010: Light-absorbing impurities in 
Arctic snow. Atmos. Chem. Phys., 10, 11 647–11 680, 
doi:10.5194/acp-10-11647-2010.

Dong, X., B. Xi, K. Crosby, C. N. Long, R. S. Stone, 
and M. D. Shupe, 2010: A 10 year climatology 
of Arctic cloud fraction and radiative forcing at 
Barrow, Alaska. J. Geophys. Res., 115, D17212, 
doi:10.1029/2009JD013489.

Döscher, R., T. Vihma, and E. Maksimovich, 2014: 
Recent advances in understanding the Arctic climate 
system state and change from a sea ice perspective: 
A review. Atmos. Chem. Phys., 14, 13 571–13 600, 
doi:10.5194/acp-14-13571-2014.

Eckhardt, S., and Coauthors, 2015: Current model capa-
bilities for simulating black carbon and sulfate con-
centrations in the Arctic atmosphere: A multi-model 
evaluation using a comprehensive measurement data 
set. Atmos. Chem. Phys. Discuss., 15, 10 425–10 477, 
doi:10.5194/acpd-15-10425-2015.

Feldman, D. R., W. D. Collins, P. J. Gero, M. S. Torn, E. 
J. Mlawer, and T. R. Shippert, 2015: Observational 
determination of surface radiative forcing by CO2 
from 2000 to 2010. Nature, 519, 339–343, doi:10.1038 
/nature14240.

Fogal, P. F., L. M. LeBlanc, and J. R. Drummond, 2013: The 
Polar Environment Atmospheric Research Laboratory 

(PEARL): Sounding the atmosphere at 80°North. 
Arctic, 66, 377–386, doi:10.14430/arctic4321.

Gaffen, D. J., 1994: Temporal inhomogeneities in 
radiosonde temperature records. J. Geophys. Res., 99, 
3667–3676, doi:10.1029/93JD03179.

Grachev, A. A., E. L Andreas, C. W. Fairall, P. S. Guest, and 
P. O. G. Persson, 2007: SHEBA flux–profile relationships 
in the stable atmospheric boundary layer. Bound.-Layer 
Meteor., 124, 315–333, doi:10.1007/s10546-007-9177-6.

Graversen, R. G., T. Mauritsen, M. Tjernström, E. Källen, 
and G. Svensson, 2008: Vertical structure of recent 
Arctic warming. Nature, 451, 53–56, doi:10.1038 
/nature06502.

Grenfell, T. C., S. G. Warren, V. F. Radionov, V. N. 
Makarov, and S. G. Zimov, 2009: Expeditions to the 
Russian Arctic to survey black carbon in snow. Eos, 
Trans. Amer. Geophys. Union, 90, 386–387, doi:10.1029 
/2009EO430002.

Hatakka, J., and Coauthors, 2003: Overview of atmo-
spheric research activities and results at Pallas GAW 
station. Boreal Environ. Res., 8, 365–384.

Hegg, D. A., S. G. Warren, T. C. Grenfell, S. J. Doherty, 
T. V. Larson, and A. D. Clarke, 2009: Source 
attribution of black carbon in Arctic snow. Environ. 
Sci. Technol., 43, 4016–4021, doi:10.1021/es803623f.

Hirdman, D., and Coauthors, 2010: Source identifica-
tion of short-lived air pollutants in the Arctic using 
statistical analysis of measurement data and particle 
dispersion model output. Atmos. Chem. Phys., 10, 
669–693, doi:10.5194/acp-10-669-2010.

Hofmann, D. J., J. H. Butler, E. J. Dlugokencky, J. W. 
Elkins, K. Masarie, S. A. Montzka, and P. Tans, 2006: 
The role of carbon dioxide in climate forcing from 1979 
to 2004: Introduction of the Annual Greenhouse Gas 
Index. Tellus, 58B, 614–619, doi:10.1111/j.1600-0889 
.2006.00201.x.

Intrieri, J. M., C. W. Fairall, M. D. Shupe, P. O. G. Persson, 
E. L Andreas, P. S. Guest, and R. E. Moritz, 2002: An 
annual cycle of Arctic surface cloud forcing at SHEBA. 
J. Geophys. Res., 107, 8039, doi:10.1029/2000JC000439.

IPCC, 2013: Climate Change 2013: The Physical Sci-
ence Basis. Cambridge University Press, 1535 pp., 
doi:10.1017/CBO9781107415324.

Jakobson, E., T. Vihma, T. Palo, L. Jakobson, H. Keernik, 
and J. Jaagus, 2012: Validation of atmospheric 
reanalyses over the central Arctic Ocean. Geophys. 
Res. Lett., 39, L10802, doi:10.1029/2012GL051591.

Jeffries, M., J. Overland, and D. Perovich, 2013: The 
Arctic shifts to a new normal. Phys. Today, 66, 35–40, 
doi:10.1063/PT.3.2147.

Krupnik, I., and Coeditors, 2011: Understanding 
Earth’s Polar Challenges: Summary by the IPY Joint 
Committee. Understanding Earth’s Polar Challenges: 

1054 JUNE 2016|

http://dx.doi.org/10.1175/1520-0442(1992)005%3C1267%3AACORFO%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0442(1992)005%3C1267%3AACORFO%3E2.0.CO%3B2
http://dx.doi.org/10.1175/JCLI-D-11-00228.1
http://dx.doi.org/10.1175/JCLI-D-11-00228.1
http://dx.doi.org/10.1029/180GM02
http://dx.doi.org/10.1029/2009GL039780
http://dx.doi.org/10.5194/acp-10-11647-2010
http://dx.doi.org/10.1029/2009JD013489
http://dx.doi.org/10.5194/acp-14-13571-2014
http://dx.doi.org/10.5194/acpd-15-10425-2015
http://dx.doi.org/10.1038/nature14240
http://dx.doi.org/10.1038/nature14240
http://dx.doi.org/10.14430/arctic4321
http://dx.doi.org/10.1029/93JD03179
http://dx.doi.org/10.1007/s10546-007-9177-6
http://dx.doi.org/10.1038/nature06502
http://dx.doi.org/10.1038/nature06502
http://dx.doi.org/10.1029/2009EO430002
http://dx.doi.org/10.1029/2009EO430002
http://dx.doi.org/10.1021/es803623f
http://dx.doi.org/10.5194/acp-10-669-2010
http://dx.doi.org/10.1111/j.1600-0889.2006.00201.x
http://dx.doi.org/10.1111/j.1600-0889.2006.00201.x
http://dx.doi.org/10.1029/2000JC000439
http://dx.doi.org/10.1017/CBO9781107415324
http://dx.doi.org/10.1029/2012GL051591
http://dx.doi.org/10.1063/PT.3.2147


International Polar Year 2007–2008, University of 
the Arctic and ICSU/WMO Joint Committee for 
International Polar Year 2007–2008, 695 pp.

Lee, C., H. Eicken, J. Moore, C. Tasset, and M. Shibao, 
Eds., 2010: Arctic Observing Network (AON): 2009 
program status report. Arctic Observing Network, 
Boulder, CO, 170 pp. [Available online at  www.arcus 
.org/files/page/documents/18992/aon_2009_status 
_report_full.pdf.]

Lesins, G., L. Bourdages, T. J. Duck, J. R. Drummond, E. W. 
Eloranta, and V. P. Walden, 2009: Large surface radia-
tive forcing from topographic blowing snow residuals 
measured in the high Arctic at Eureka. Atmos. Chem. 
Phys., 9, 1847–1862, doi:10.5194/acp-9-1847-2009.

Makshtas, A. P., P. V. Bogorodsky, V. Kustov, and V. Yu, 
2012: Quick melting of fast ice in the Sogo Bay (Tiksi 
Bay) in spring 2011. Probl. Arctic Antarctic, 91, 37–47.

Maturilli, M., A. Herber, and G. König-Lango, 2015: 
Surface radiation climatology for Ny-Ålesund, 
Svalbard (78.9°N), basic observations for trend detec-
tion. Theor. Appl. Climatol., 120, 331–339, doi:10.1007 
/s00704-014-1173-4.

Maystrova, V. V., G. A. Kifus, and A. A. Kurmachov, 
1986: The system of automated centralized process-
ing, control, and storage of aerological information 
from global network of stations (in Russian). Meteor. 
Hydrol., 8, 112–117.

Miller, N. B., M. D. Shupe, C. J. Cox, V. P. Walden, D. D. 
Turner, and K. Steffen, 2015: Cloud radiative forcing 
at Summit, Greenland. J. Climate, 28, 6267–6280, 
doi:10.1175/JCLI-D-15-0076.1.

Morrison, H., G. de Boer, G. Feingold, J. Harrington, M. 
D. Shupe, and K. Sulia, 2012: Resilience of persistent 
Arctic mixed-phase clouds. Nat. Geosci., 5, 11–17, 
doi:10.1038/ngeo1332.

Murray, M. S., and Coauthors, 2012: Responding to Arctic 
environmental change: Translating our growing 
understanding into a research agenda for action. 
International Study of Arctic Change, Stockholm, 
Sweden, and Fairbanks, AK, 33 pp. [Available online 
at www.arcticchange.org/sites/arcticchange.org/files 
/RespondingtoArcticEnvironmentalChange.pdf.]

Nedashkovsky, A. P., S. V. Khvedynich, and T. V. Petovsky, 
2009: Alkalinity of sea ice in the high-latitudinal 
Arctic according to the surveys performed at North 
Pole drifting station 34 and characterization of the 
role of the arctic in the CO2 exchange. Oceanology, 
49, 55–63, doi:10.1134/S000143700901007X.

Neuber, R., J. Ström, and C. Hübner, 2008: Atmo-
spheric research in Ny-Ålesund—A f lagship 
programme. Kortrapport Brief Rep. Series, No. 22, 
55 pp. [Available online at http://epic.awi.de/34465/1 
/FlagshipAtmosphere11.pdf.]

NSF GEO Advisory Committee, 2012: Strategic 
frameworks for education & diversity, facilities, 
international activities, and data & informatics in the 
geosciences. Advisory Committee for Geoscience, 
34 pp. [Available online at www.nsf.gov/geo/acgeo 
/geovision/geo_strategic_plans_2012.pdf.]

Nygård, T., T. Valkonen, and T. Vihma, 2014: Character-
istics of Arctic low-tropospheric humidity inversions 
based on radio soundings. Atmos. Chem. Phys., 14, 
1959–1971, doi:10.5194/acp-14-1959-2014.

Ohmura, A., and Coauthors, 1998: Baseline Surface 
Radiation Network (BSRN/WCRP): New preci-
sion radiometry for climate research. Bull. Amer. 
Meteor. Soc., 79, 2115–2136, doi:10.1175/1520-0477 
(1998)079<2115:BSRNBW>2.0.CO;2.

Oltmans, S. J., and Coauthors, 1989: Seasonal surface 
ozone and filterable bromine relationship in the high 
Arctic. Atmos. Environ., 23, 2431–2441, doi:10.1016 
/0004-6981(89)90254-0.

—, B. Johnson, and J. M. Harris, 2012: Springtime 
boundary layer ozone depletion at Barrow, Alaska: 
Meteorological inf luence, year-to-year variation, 
and long-term change. J. Geophys. Res., 117, D00R18, 
doi:10.1029/2011JD016889.

Patrick, L., S. J. Oltmans, and I. Petropavlovskikh, 2012: 
Comparison of continuous surface ozone measure-
ments from two Arctic observatories. IPY2012 Conf.: 
From Knowledge to Action, Montreal, PQ, Canada, 
International Polar Year 2012 Conference Secretariat. 
[Available online at http://132.246.11.198/2012-ipy 
/Abstracts_On_the_Web/by_theme.html.]

Perlwitz, J., M. Hoerling, and R. Dole, 2015: Arctic tro-
pospheric warming: Causes and linkages to lower 
latitudes. J. Climate, 28, 2154–2167, doi:10.1175/JCLI 
-D-14-00095.1.

Petzold, A., and Coauthors, 2013: Recommendations for 
the interpretation of “black carbon” measurements. 
Atmos. Chem. Phys. Discuss., 13, 9485–9517, doi:10.5194 
/acpd-13-9485-2013.

Quinn, P. K., and Coauthors, 2008: Short-lived pol-
lutants in the Arctic: Their climate impact and 
possible mitigation strategies. Atmos. Chem. Phys., 
8, 1723–1735, doi:10.5194/acp-8-1723-2008.

—, and Coauthors, 2011: The impact of black 
carbon on the Arctic. Arctic Monitoring and 
Assessment Programme (AMAP) Tech. Rep. 4, Oslo, 
Norway, 72 pp. [Available online at www.amap.no 
/documents/doc/the-impact-of-black-carbon-on 
-arctic-climate/746.]

Saha, A., and Coauthors, 2014: An update on the aerosol 
optical climatology over the high Arctic. Annual 
PAHA/CANDAC Workshop and CREATE Research 
Symp., Toronto, ON, Canada, Canadian Network for 

1055JUNE 2016AMERICAN METEOROLOGICAL SOCIETY |

http://www.arcus.org/files/page/documents/18992/aon_2009_status_report_full.pdf
http://www.arcus.org/files/page/documents/18992/aon_2009_status_report_full.pdf
http://www.arcus.org/files/page/documents/18992/aon_2009_status_report_full.pdf
http://dx.doi.org/10.5194/acp-9-1847-2009
http://dx.doi.org/10.1007/s00704-014-1173-4
http://dx.doi.org/10.1007/s00704-014-1173-4
http://dx.doi.org/10.1175/JCLI-D-15-0076.1
http://dx.doi.org/10.1038/ngeo1332
http://www.arcticchange.org/sites/arcticchange.org/files/RespondingtoArcticEnvironmentalChange.pdf
http://www.arcticchange.org/sites/arcticchange.org/files/RespondingtoArcticEnvironmentalChange.pdf
http://dx.doi.org/10.1134/S000143700901007X
http://epic.awi.de/34465/1/FlagshipAtmosphere11.pdf
http://epic.awi.de/34465/1/FlagshipAtmosphere11.pdf
http://www.nsf.gov/geo/acgeo/geovision/geo_strategic_plans_2012.pdf
http://www.nsf.gov/geo/acgeo/geovision/geo_strategic_plans_2012.pdf
http://dx.doi.org/10.5194/acp-14-1959-2014
http://dx.doi.org/10.1175/1520-0477(1998)079%3C2115%3ABSRNBW%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0477(1998)079%3C2115%3ABSRNBW%3E2.0.CO%3B2
http://dx.doi.org/10.1016/0004-6981(89)90254-0
http://dx.doi.org/10.1016/0004-6981(89)90254-0
http://dx.doi.org/10.1029/2011JD016889
http://132.246.11.198/2012-ipy/Abstracts_On_the_Web/by_theme.html
http://132.246.11.198/2012-ipy/Abstracts_On_the_Web/by_theme.html
http://dx.doi.org/10.1175/JCLI-D-14-00095.1
http://dx.doi.org/10.1175/JCLI-D-14-00095.1
http://dx.doi.org/10.5194/acpd-13-9485-2013
http://dx.doi.org/10.5194/acpd-13-9485-2013
http://dx.doi.org/10.5194/acp-8-1723-2008
http://www.amap.no/documents/doc/the-impact-of-black-carbon-on-arctic-climate/746
http://www.amap.no/documents/doc/the-impact-of-black-carbon-on-arctic-climate/746
http://www.amap.no/documents/doc/the-impact-of-black-carbon-on-arctic-climate/746


the Detection of Atmospheric Change. [Available 
online at http://candac.ca/candac/docs/workshops 
.php?type=2014.]

Scheuer, E., R. W. Talbot, J. E. Dibb, G. K. Seid, L. 
DeBell, and B. Lefer, 2003: Seasonal distributions of 
fine aerosol sulfate in the North American Arctic 
basin during TOPSE. J. Geophys. Res., 108, 8370, 
doi:10.1029/2001JD001364.

Screen, J. A., and I. Simmonds, 2010: The central role 
of diminishing sea ice in recent Arctic temperature 
amplification. Nature, 464, 1334–1337, doi:10.1038 
/nature09051.

Seidel, D. J., and Coauthors, 2009: Reference upper-
air observations for climate: Rationale, progress, 
and plans. Bull. Amer. Meteor. Soc., 90, 361–369, 
doi:10.1175/2008BAMS2540.1.

Semiletov, I., A. Makshtas, S.-I. Akasofu, and E. L. 
Andreas, 2004: Atmospheric CO2 balance: The role 
of Arctic sea ice. Geophys. Res. Lett., 31, L05121, 
doi:10.1029/2003GL017996.

Serreze, M. C., A. P. Barrett, J. C. Stroeve, D. N. Kindig, 
and M. M. Holland, 2009: The emergence of surface-
based Arctic amplification. Cryosphere, 3, 11–19, 
doi:10.5194/tc-3-11-2009.

Sharma, S., E. Andrews, L. A. Barrie, J. A. Ogren, 
and D. Lavoué, 2006: Variations and sources of 
the equivalent black carbon in the high Arctic 
revealed by long-term observations at Alert and 
Barrow: 1989–2003. J. Geophys. Res., 111, D14208, 
doi:10.1029/2005JD006581.

Shaw, G. E., 1995: The Arctic haze phenomenon. Bull. 
Amer. Meteor. Soc., 76, 2403–2412, doi:10.1175/1520 
-0477(1995)076<2403:TAHP>2.0.CO;2.

Shupe, M. D., 2007: A ground-based multisensor cloud 
phase classifier. Geophys. Res. Lett., 34, L22809, 
doi:10.1029/2007GL031008.

—, 2011: Clouds at Arctic atmospheric observa-
tories. Part II: Thermodynamic phase charac-
teristics. J. Appl. Meteor. Climatol., 50, 645–661, 
doi:10.1175/2010JAMC2468.1.

—, and J. M. Intrieri, 2004: Cloud radiative forcing of 
the Arctic surface: The influence of cloud properties, 
surface albedo, and solar zenith angle. J. Climate, 
17, 616–628, doi:10.1175/1520-0442(2004)017<0616: 
CRFOTA>2.0.CO;2.

—, and Coauthors, 2013: High and dry: New observa-
tions of tropospheric and cloud properties above the 
Greenland Ice Sheet. Bull. Amer. Meteor. Soc., 94, 
169–186, doi:10.1175/BAMS-D-11-00249.1.

Stanitski, D., and R. Stone, 2014: Changes in the length 
of the snow-free season in Barrow, Alaska. Eos, Trans. 
Amer. Geophys. Union, 95 (Fall Meeting Suppl.), 
Abstract C11C-0397.

Starkweather, S., and T. Uttal, 2015: Cyberinfrastruc-
ture and collaboratory support for the integration 
of Arctic atmospheric research. Bull. Amer. Meteor. 
Soc., 97, 917–922, doi:10.1175/BAMS-D-14-00144.1.

Stone, R. S., E. G. Dutton, J. M. Harris, and D. 
Longenecker, 2002: Earlier spring snowmelt in 
northern Alaska as an indicator of climate change. J. 
Geophys. Res., 107, 4089, doi:10.1029/2000JD000286.

—, S. Sharma, A. Herber, K. Eleftheriadis, D. W. 
Nelson, 2014: A characterization of Arctic aerosols 
on the basis of aerosol optical depth and black carbon 
measurements. Elementa: Sci. Anthropocene, 2, 
000027, doi:10.12952/journal.elementa.000027.

Tomasi, C., and Coauthors, 2012: An update on polar 
aerosol optical properties using POLAR-AOD and 
other measurements performed during the Inter-
national Polar Year. Atmos. Environ., 52, 29–47, 
doi:10.1016/j.atmosenv.2012.02.055.

Uttal, T., A. Makshtas, and T. Laurila, 2013: The Tiksi 
International Hydrometeorological Observatory—
An Arctic members partnership. WMO Bull., 62, 
22–26.

Vavrus, S., 2004: The impact of cloud feedbacks on 
Arctic climate under greenhouse forcing. J. Climate, 
17, 603–615, doi:10.1175/1520-0442(2004)017<0603: 
TIOCFO>2.0.CO;2.

Verlinde, J., and Coauthors, 2007: The Mixed-Phase 
Arctic Cloud Experiment. Bull. Amer. Meteor. Soc., 
88, 205–221, doi:10.1175/BAMS-88-2-205.

—, B. D. Zak, M. D. Shupe, M. D. Ivey, and K. 
Stamnes, 2016: The ARM North Slope of Alaska 
(NSA) sites. The Atmospheric Radiation Measure-
ment (ARM) Program: The First 20 Years, Meteor. 
Monogr., No. 57, Amer. Meteor. Soc., doi:10.1175 
/AMSMONOGRAPHS-D-15-0023.1, in press.

Vihma, T., and Coauthors, 2014: Advances in 
understanding and parameterization of small-scale 
physical processes in the marine Arctic climate 
system: A review. Atmos. Chem. Phys., 14, 9403–
9450, doi:10.5194/acp-14-9403-2014.

Wood, K. R., and J. E. Overland, 2006: Climate lessons 
from the First International Polar Year. Bull. Amer. 
Meteor. Soc., 87, 1685–1697, doi:10.1175/BAMS-87 
-12-1685.

Wulf, W., 1993: The collaboratory opportunity. Science, 
261, 854–855, doi:10.1126/science.8346438.

Zimov, S. A., 2005: Pleistocene Park: Return of the 
mammoth’s ecosystem. Science, 308, 796–798, 
doi:10.1126/science.1113442.

Zuidema, P., and Coauthors, 2005: An Arctic springtime 
mixed-phase cloud boundary layer observed during 
SHEBA. J. Atmos. Sci., 62, 160–176, doi:10.1175/JAS 
-3368.1.

1056 JUNE 2016|

http://candac.ca/candac/docs/workshops.php?type=2014
http://candac.ca/candac/docs/workshops.php?type=2014
http://dx.doi.org/10.1029/2001JD001364
http://dx.doi.org/10.1038/nature09051
http://dx.doi.org/10.1038/nature09051
http://dx.doi.org/10.1175/2008BAMS2540.1
http://dx.doi.org/10.1029/2003GL017996
http://dx.doi.org/10.5194/tc-3-11-2009
http://dx.doi.org/10.1029/2005JD006581
http://dx.doi.org/10.1175/1520-0477(1995)076%3C2403%3ATAHP%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0477(1995)076%3C2403%3ATAHP%3E2.0.CO%3B2
http://dx.doi.org/10.1029/2007GL031008
http://dx.doi.org/10.1175/2010JAMC2468.1
http://dx.doi.org/10.1175/1520-0442(2004)017%3C0616%3ACRFOTA%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0442(2004)017%3C0616%3ACRFOTA%3E2.0.CO%3B2
http://dx.doi.org/10.1175/BAMS-D-11-00249.1
http://dx.doi.org/10.1175/BAMS-D-14-00144.1
http://dx.doi.org/10.1029/2000JD000286
http://dx.doi.org/10.12952/journal.elementa.000027
http://dx.doi.org/10.1016/j.atmosenv.2012.02.055
http://dx.doi.org/10.1175/1520-0442(2004)017%3C0603%3ATIOCFO%3E2.0.CO%3B2
http://dx.doi.org/10.1175/1520-0442(2004)017%3C0603%3ATIOCFO%3E2.0.CO%3B2
http://dx.doi.org/10.1175/BAMS-88-2-205
http://dx.doi.org/10.1175/AMSMONOGRAPHS-D-15-0023.1
http://dx.doi.org/10.1175/AMSMONOGRAPHS-D-15-0023.1
http://dx.doi.org/10.5194/acp-14-9403-2014
http://dx.doi.org/10.1175/BAMS-87-12-1685
http://dx.doi.org/10.1175/BAMS-87-12-1685
http://dx.doi.org/10.1126/science.8346438
http://dx.doi.org/10.1126/science.1113442
http://dx.doi.org/10.1175/JAS-3368.1
http://dx.doi.org/10.1175/JAS-3368.1

