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Abstract
While Arctic sea ice is changing, new observationmethods are developed and process understanding
improves, whereas gaps in observations and understanding evolve. Some previous gaps arefilled,
while others remain, or comeup new. Knowing about the status of observation and knowledge gaps is
important for interpreting observation and research results, interpretation and use of key climate
indicators, and for research and observation planning. This paper deals with identifying some of the
important current gaps connected toArctic sea ice and related climate indicators, including their role
and functions in the sea ice and climate systems. Subtopics that are discussed here include Arctic sea-
ice extent, concentration, and thickness, sea-ice thermodynamics, age and dynamic processes, and
biological implications of changing sea ice. Among crucial gaps are few in situ observations during the
winter season, limited observational data on snow and ice thickness from theArctic Basin, andwide
gaps in biological ratemeasurements in or under sea ice. There is a need to develop or improve
analyzes and products of remote sensing, especially for new sensors and technology such as remotely
operated vehicles. Potential gaps in observations are inevitably associatedwith interruptions in long-
termobservational time series due to sensor failure or cuts in observation programmes.

1. Introduction and background

The identification of gaps in understanding the roles
and functions of Arctic sea ice is important for
assessing data and new findings of Arctic sea ice
changes, and to develop research and monitoring
strategies. The goal of this paper is to summarize and
detail important current gaps of knowledge, and
observation gaps related to Arctic sea ice, and, to a
limited extent, to discuss the recent development of
detecting gaps and ways and strategies for filling them.
The paper includes discussing gaps in connection with
key sea ice climate indicators.

On the first view, it might be easier to detect obser-
vation gaps rather than knowledge gaps. But the two

things go hand in hand; more knowledge, i.e. an
improved understanding of the system is also neces-
sary to make better decisions on where to do which
type of observations.

Our discussion of gaps is not comprehensive. Sea
ice is a broad and interdisciplinary scientific subject
with numerous sub-disciplines and processes at play,
and we by no means claim to present here a complete
overview on Arctic sea ice gaps, rather a selection of
some of the important ones. Our focus is on the obser-
vational record and methods used to observe a variety
of sea ice conditions.

The starting point for this work is based on the sea
ice chapter of the recent Arctic Marine Assessment
Program (AMAP) Snow, Water, Ice and Permafrost
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Assessment (SWIPA) 2017 report (AMAP 2017),
where knowledge and observation gaps were addres-
sed regarding (i) sea-ice extent, concentration, and
thickness, (ii) sea-ice thermodynamics, age and
dynamic processes, and (iii) biological implications of
changing sea ice, respectively (Barber et al 2017). Of
those topics, especially ice extent, thickness and age are
often used as indicators of climate change, which
makes existence or potential existence of gaps even
more relevant to be discussed.

Gaps that are addressed in the SWIPA 2017 report
are, for example, the fact that there are very few in situ
observations in winter; limited data available on snow
thickness from the Arctic Basin; and that there is the
need to develop or improve analyzes and products of
remote sensing, including for example new sensors or
satellites.

How have the gaps discussed here changed over
time? On one hand, the number of gaps is gradually
becoming less since some scientific questions are
answered or observation systems put in place. On the
other hand, more sophisticated methods and models
may also need better input data, which do not always
exist, and they might identify new processes for con-
sideration, meaning that new gaps will arise. Changes
in Arctic sea ice can lead to newor different sea ice pro-
cesses becoming dominant, which may lead to new
knowledge requirements, and by extension newmeth-
ods that will need to be tested and validated.

Information on how gaps have changed over time
will be supported by comparing statements and sub-
chapters on knowledge gaps from the SWIPA 2017
report (AMAP 2017) and recent literature with state-
ments in ACIA (2005), SWIPA 2011 (AMAP2011) and
other earlier assessments.

Uncertainties of observational methods are not
explicitly gaps of knowledge, but they can affect our
ability to gain new insights on processes of interest.
For example, if amethod is too coarse to reveal hetero-
geneity at some spatial scales, it is difficult to assess the
role of that heterogeneity on relevant processes.
Therefore, we also include to some extent uncertain-
ties in the discussion. Under uncertainties we under-
stand the sum of several contributions: (i) the
difference between a true quantity and its observed
value—bias or accuracy; (ii) the repeatability with
which a quantity is observed by the same method—
precision; (iii) the degree with which the spatio-
temporal distribution of a quantity is observed by the
same method—representativity error; and (iv) the
degree with which the spatiotemporal distribution of a
quantity is observed by the samemethodwith unchan-
ged contributions (i)–(iii)—stability. When discussing
the uncertainties of different methods, reasons for
uncertainties are often related to the physics of sen-
sors, assumptions/simplifications of the methods, the
sea ice system, or economic limits. While some uncer-
tainties can be reduced through ideas and action, oth-
ers cannot be changed. Methods that have low

accuracy or coarse spatial or temporal resolution often
have other advantages that makes them attractive for
applications where the accuracy is not the one and
only criterion for the usability/usefulness of the
method but the high stability ismore relevant.

Although we focus here on gaps related to Arctic
sea ice, several of the points raised apply equally for
Antarctic sea ice, especially in recent years as the Arctic
sea ice has transitioned to a state with a larger portion
of seasonal sea ice at the cost of older,multiyear ice.

2. Existing gaps anduncertainties

2.1. Gaps in knowledge for sea ice concentration,
extent and thickness
The sea ice concentration and extent record from
passive microwave instruments provides a nearly
complete and consistent record since late 1978. On
one hand, this almost 40 year long time series is a very
important tool for climate studies, and it is usedwidely
as a climate indicator to quantify and illustrate Arctic
sea ice change. On the other hand, the fact that the
time series is limited to four decades, that it has limited
spatial resolution, some varying data quality, and
uncertainty depending on season and changing satel-
lite sensors over time all limit the applicability of the
time series. Intercalibration between sensors has not
always been optimal (Eisenman et al 2014). This could
be improved via use of longer overlaps period that are
now available, employing better calibrated source data
and, as is now being done in some products (Comiso
et al 2017, Lavergne et al 2019), implementing adaptive
time-varying algorithm coefficients that adjust for
changing surface conditions. Nevertheless, there is a
looming gap due to the potential loss of satellite
coverage. Passive microwave sensors have been routi-
nely launched since 1987 and for many years multiple
sensors have been in orbit. However, recent failures
have reduced the number currently operating sensors
and have significantly increased the risk of a gap in
coverage in the next years. AMSR-E failed in 2011, and
the DMSP F-19 SSMIS failed in early 2016 after only
two years of operation. In April 2016, the F-17 SSMIS
started behaving anomalously and its data quality has
been reduced. The suite of DMSP SSMI/SSMIS
instruments has been the workhorse of passive micro-
wave observations, but all currently operating (as of
June 2018) SSMIS instruments (F-16, F-17, F-18) have
been in orbit for at least 8.5 years, well beyond their
design lifetime of three years (figure 1). The JAXA
AMSR2 sensor, operating for a little over six years (as
of June 2018) is the youngest passive microwave
sensor, but it is now also past its design lifetime (five
years). The only remaining sensor potentially ready to
be launched in the near future (theDMSPF-20 SSMIS)
has been cancelled.

While discussions concerning follow-on sensors
are ongoing (including an AMSR follow-on, a
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EUMETSAT instrument on their METOP constella-
tion, and possible new US radiometers) these are all
likely to be a minimum of five years from launch. At
that point, the youngest sensor commonly used for cli-
matemonitoring (AMSR2), if still operating, would be
nine years old. There is a passive microwave sensor
(MWRI) on the Chinese FengYung-3B and -3C plat-
forms. This has not been employed as part of the long-
term passive microwave sea ice climate record, but has
potential to fill the looming gap due to the loss of cur-
rent capabilities. First intercalibration efforts of the
FY-3C satellite data with other passive microwave
satellite data have been made (Li et al 2016, Wang et al
2018,Wu and Liu 2018).

Another important, but more difficult to measure
sea ice climate indicator is sea ice thickness. Significant
development has been made to quantify sea-ice thick-
ness and its seasonal and interannual change. How-
ever, there are still a number of significant gaps in
knowledge about sea-ice thickness and the methods
for measuring it. One method to estimate sea-ice
thickness is to measure freeboard from aircraft or
satellite and calculate ice thickness from that. Here,
there is a gap in interpreting the radar and laser returns
to yield accurate freeboard measurements (specifically
for radar altimetry; see recent work by Ricker et al
2017, King et al 2018). Second, better snow and ice
density information is needed to convert freeboard
estimates into ice thickness. The most significant gap
in this context, however, is the lack of reliable basin-
scale snow depth observations (see e.g. Webster et al
2018). The snow weighs down the ice, changing the

freeboard to thickness ratio. For laser altimeters,
which reflect off the top of the snow surface, the infor-
mation about snow depth is only required for the free-
board-to-thickness conversion. For radar altimeters,
which penetrate the snow depending on its properties,
the snow depth is required for both, accurate free-
board retrieval and freeboard-to-thickness conver-
sion. The comparably poor spatiotemporal coverage
with altimeter measurements and changing satellite
sensors limit the present-daymaturity of sea-ice thick-
ness products further. Othermethods that do not have
the same problem are in situ surveys with classical
thickness measurements from drillings, and those
using electromagnetics (from air and ground), ther-
mal methods (e.g. Mäkynen and Karvonen 2017) or
microwave radiometry like from SMOS (e.g.
Kaleschke et al 2016). However, these types of mea-
surements have a number of limitations. Drillings are
only possible in a few places of the Arctic at a given
time. Electromagnetic measurements do not distin-
guish between snow and sea ice, and wrong informa-
tion of snow thickness can lead to over- or
underestimation of the ice thickness. Thermal mea-
surements are only useful and provide accurate thick-
ness information for relatively thin sea ice, i.e. below
∼0.5 m, and the same applies for the usage of micro-
wave radiometry.

It is also important to mention that CryoSat-2 is
beyond its life time, and that CryoSat-2 is the only cur-
rently flown radar altimeter providing data north of
81.5°N, covering the Arctic Ocean up to 88°N. The
laser altimeter on ICESat-2, launched in September

Figure 1.Current and future polar orbiting passivemicrowave coverage. Acronyms used in figure: AMSR: AdvancedMicrowave
Scanning Radiometer; CMA:ChineseMeteorological Adminitration; DMSP:DefenseMeteorological Satellite Program (U.S.
Department of Defense); EUMETSAT: European organization for the exploitation ofMeteorological satellites; ESA: European Space
Agency; JAXA: Japanese Aerospace eXplorationAgency;MetOp:Meteorological operational satellite; SSMIS: Special Sensor
Microwave Imager and Sounder;WSF:Weather Satellite Follow-on (DoD).
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2018, covers latitudes up to 86°N. In any case there
remains an observation gap for the central Arctic
Ocean.

The combination of ice extent, ice concentration
and ice thickness information to ice volume estimates
is another important climate indicator, and has been
used in local (Gerland and Renner 2007) and panarctic
contexts (Laxon et al 2013). Sea ice volume estimate is
a powerful climate indicator, because it takes into
account dynamic effects, which can lead to apparent
reductions or increases of sea ice amounts due to for
example ridging, rafting and spreading existing sea ice
into larger areas. Complete sea ice volume datasets are
rare since they require both ice extent, concentration
and thickness data with sufficient spatial and temporal
resolution (e.g. Kwok and Cunningham 2015, Lindsay
and Schweiger 2015, Tilling et al 2018). The uncer-
tainty of such sea-ice volume estimates naturally
depends on the uncertainties of the input data which
we discuss in the following sections. Alternatively,
coupled ice-oceanmodels into which sea-ice informa-
tion is assimilated, as e.g. PIOMAS (Zhang and
Rothrock 2003), provide a reasonable measure of the
Arctic sea-ice volume, which can be applied for further
studies, such as on sea ice volume fluxes (e.g. Schwei-
ger et al 2011, Zhang et al 2012, Zhang et al 2017).
However, evaluating the quality of such results in the
context of their value as an independent powerful cli-
mate indicator remains a challenge and requires care-
ful evaluation taking into account the model’s
capability to properly resolve physical processes at the
grid resolution used.

2.2. Sea Ice concentration and extent uncertainty
Estimates of uncertainty from passive microwave sea-
ice concentration (SIC) products is a challenge owing
to the large scale, varying surface properties, and
limited availability of comparison data; summer is
especially challenging due to the effect of melt water
on the passive microwave signal (e.g. Kern et al 2016).
Evaluation of SIC products is an ongoing effort—
because new algorithms are still being developed
(Kongoli et al 2011, Tikhonov et al 2015), because new
satellite sensors are becoming available (e.g. AMSR2,
Beitsch et al 2014), and because new independent data
sets are emerging which help to better quantify SIC
uncertainties. SIC derived from clear-sky satellite
optical imagery such asMODIS for summer Arctic sea
ice (Rösel et al 2012) can help quantify uncertainties in
satellite microwave radiometry-based SIC during
summer melt (Kern et al 2016), but such sensors
depend on clear sky and daylight conditions. Thin ice
thickness distribution derived, under freezing condi-
tions and for close to 100% sea ice, from the ESA
SMOS sensor (Kaleschke et al 2012, Huntemann et al
2014, Tian-Kunze et al 2014, Kaleschke et al 2016) can
be used to infer biases in SIC over thin ice (Heygster
et al 2014).

More effort has been dedicated during recent years
to assess the retrieval uncertainty of SIC or at least pro-
viding SIC data sets with an uncertainty estimate—
which is an important pre-requisite for assimilating
SIC data into numerical models. A few approaches
have been developed. One is to apply Gaussian error
propagation to the equations used to estimate SIC and
to calculate SIC uncertainty as a function of algorithm
tie point, brightness temperature, and gridding uncer-
tainties (Kern 2004, Spreen et al 2008). This is used in
the EUMETSAT OSI-SAF SIC data set (Tonboe et al
2016, Lavergne et al 2019) and the ESA-CCI SIC data
set (http://esa-cci.nersc.no, Lavergne et al in 2019). A
second approach is to take the standard deviation of
the SIC within a certain area as a measure for the qual-
ity of the SIC estimate (Peng et al 2013, Meier et al
2014) based on the fact that regions of higher SIC
variability will have higher uncertainty because of the
low sensor spatial resolution. The Enhanced NASA
Team (‘NASA Team 2’) algorithm takes advantage of
the iterative nature of the algorithm and estimates the
uncertainty from the variability of the concentration
as the iteration converges to a minimum cost function
(Brucker et al 2014). These approaches provide a mea-
sure of the precision only.

More difficult is a quantitative estimate of the
uncertainty of the sea-ice area or extent, which goes
beyond a simple computation of the variation in these
quantities over time. Factors contributing to uncer-
tainty in sea-ice area and extent are (i) the choice of the
threshold ice concentration used, (ii) filters used to
flag spurious weather-influence induced SIC over
open water (see e.g. Lavergne et al 2019), (iii) the acc-
uracy of the SIC itself (e.g. low biases during melt con-
ditions), (iv) filters used to flag land-spillover effects,
and (v) use of different landmasks.

Meier and Stewart (2019) presented an approach
to quantify the variability in extent based on the above
five factors as a proxy for an uncertainty estimate.
They compared sea ice total extent from several differ-
ent products and found a variability range of 500 000
square kilometers or more, depending on season. This
generally corresponds to relative biases in ice edge
location of 25–50 km and is due the factors mentioned
above. The differences in extent, while varying season-
ally, are consistent over the years for similar times of
years. This means that trends and variability between
the different products are more consistent than the
absolute extents. In another part of the Meier and
Stewart (2019) study, they found that using a con-
sistent algorithm and processing yielded very stable
results with standard deviations estimates at ∼20 000
square kilometers. However, estimating the accuracy
of sea ice area remains challenging because of potential
biases in the SIC due to snow and sea-ice surface pro-
cesses and weather effects not accounted for in the
algorithms.

Another aspect is the uncertainties in trends.
Trend uncertainties are often given as the uncertainty
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(standard deviation) of the linear fit. However, trend
uncertainties are affected by the limited consistency of
the satellite record. This issue has not been thoroughly
investigated, but Eisenman et al (2014) found that
trend uncertainties may be higher than the quoted
standard deviation of the trend. Another issue when
examining trends and anomalies is the common
assumption that while absolute extent or area values
may be biased due to surface melt, snow, and ice con-
ditions, confidence in trends would still be high
because these surface effects are consistent over the
years (i.e. every summer, surfacemelt causes an under-
estimation in concentration and area). This assump-
tion, however, might not be valid anymore because of
the observed earlier melt onset and the occurrence of
more highly degraded or ‘rotten’ ice and resulting
underestimation of the ice cover by passivemicrowave
instruments (Barber et al 2009, Meier et al 2015). Spe-
cifically, for certain times of the year negative trends in
sea-ice extent could appear larger than they are.

2.3. Sea ice thickness uncertainty
Regarding ice thickness from altimetry, Zygmun-
towska et al (2014) reported that when uncertainties in
the input parameters for the freeboard-to-thickness
conversion are considered appropriately, the changes
in sea-ice volume between the ICESat and CryoSat-2
periods are less dramatic than was reported in the
literature at that time; this view was later shared by
Kwok and Cunningham (2015). Uncertainty sources
in the freeboard-to-thickness conversion and the free-
board retrieval itself are manifold. Various publica-
tions have shown that both sea ice and snow density
play a major role in the uncertainty budget of the sea-
ice thickness derived from satellite radar altimetry (e.g.
Alexandrov et al 2010, Forsström et al 2011, Kern et al
2015).

The validation of these data is in its infancy. Many
uncertainties still exist in the derivation of the basic
parameter, the freeboard (Kwok 2014, Ricker et al
2015). In addition, data used for the validation might
also not be free of potential biases or have unknown
uncertainty (e.g. Kurtz et al 2013, Lindsay and Schwei-
ger 2015), which complicates validation procedures.

Laxon et al (2013) used additional data to distin-
guish first-year and multi-year ice and applied differ-
ent sea ice densities and snow depth values for the
freeboard-to-thickness conversion. Zygmuntowska
et al (2013) suggested an approach that would allow
this discrimination by using CryoSat-2 data itself—
without the need for additional data and with the
potential of improved freeboard retrieval.

Several publications (Ricker et al 2014, 2017, Kurtz
et al 2014, Tilling et al 2015, 2018) address enhanced
solutions for the freeboard retrieval and freeboard-to-
thickness conversion using CryoSat-2 data. The lim-
ited range resolution of CryoSat-2, the unknown
tracking point of the impinging radar wave in the ice-

snow system, the change in radar wave propagation
speed in a snow layer of unknown thickness, and the
presence of saline snow on seasonal sea ice can compli-
cate the freeboard retrieval (Kwok 2014, Nandan et al
2017). One of the main sources of uncertainty is the
snow depth on sea ice (Forsström et al 2011,
Kwok 2014, Ricker et al 2015). Its retrieval remains a
challenge.

The laser altimetry satellite ICESat ceased opera-
tion in 2009, but is still useful for extending the Cryo-
Sat-2 thickness time series backwards. However,
stitching together these products is difficult consider-
ing the still limited knowledge regarding uncertainties.
For example, Bi et al (2014) analyzed ICESat data and
found large estimation errors over thick ice. Radar alti-
meter data were also provided by the ERS1/2 satellites
(Laxon et al 2003) and the Envisat satellite (Giles et al
2008, Schwegmann et al 2016, Paul et al 2018). One of
the challenges here, which is only solved partly (e.g.
Paul et al 2018), is to produce a consistent data record
of freeboard and sea-ice thickness extending from the
ERS1/2 era, starting in 1993, through today (CryoSat-
2 and SARAL-AltiKa). The ICESat-2 satellite will con-
tinue the sea ice altimeter record and its new technolo-
gies will help refine estimates of thickness and
potentially also of the snow depth on sea ice (Lawrence
et al 2018), particularly if the radar altimeter on Cryo-
Sat-2 continues to operate beyond the start of the
operative phase of the laser altimeter on ICESat-2.

2.4. Gaps in knowledge for sea-ice thermodynamics,
age and dynamic processes
Information on snow thickness over Arctic sea ice is
crucial, since snow strongly affects thermodynamic ice
growth, melt pond formation, and radiative transfer.
Information on snow thickness on Arctic sea ice is still
sparse, although the amount of data has increased
recently due to new in situ, airborne and satellite
surveys (e.g. Laxon et al 2013, Renner et al 2014, Haas
et al 2017, Rösel et al 2018). Reanalysis data can fill in
where observations are lacking, but intercomparisons
with in situ measurements have shown that they do
not always match well (Boisvert et al 2018). Autono-
mous buoys with snow thickness sensors (ultrasonic
sensors or active thermistor chains as used in IMBs)
give quantitative time series data with a higher
temporal resolution, and usually with a smaller
footprint than airborne and satellite surveys (e.g.
Brucker and Markus 2013, Maaß et al 2013, 2015).
These instruments can directly measure changes in ice
thickness and delineate surface and bottom melt
(Perovich and Richter-Menge 2015). However, to
collect representative data for a region requires many
buoys. So far, the total amount of buoys at a given time
in the Arctic is still rather limited, and the distribution
often not very regular, so that vast areas might be
without buoys at a given time (figure 2). Initiatives
such as the International Arctic Buoy Programme
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(Rigor et al 2016, 2000) help coordinate deployments
of sea ice buoys. Sophisticated buoy setups that
combine measurements related to surface energy and
mass balance have been developed recently (e.g.
Jackson et al 2013, Wang et al 2014, 2016, Hoppmann
et al 2015), as well as buoys that float and have the
potential to ‘survive’ a regional ice-free summer (see
e.g. Polashenski et al 2011). Such new developments
will contribute to denser and accurate autonomously
collected sea ice datasets. Understandably, relatively
cheap drifter buoys with GPS but not much other
sensors are themost frequent buoys used in the Arctic,
while more sophisticated and multi-sensor setups are
relatively rare. However, for collecting information on
sea ice thermodynamics more ice mass balance buoys
(IMBs) would be necessary, along with global data
archives where all respective data would be accessible
for the scientific community.

Recent Arctic expeditions havemade increased use
of new technology with mobile sensor platforms.
These include autonomous underwater vehicle,
unmanned airborne vehicle, remotely operated vehi-
cle and instrument sledges. Some of these systems are
still at the development stage, but with new systems
becoming standard tools, it will be possible to obtain
high quality sea ice data over larger spatial scales in the
near future. There are still fewer in situ sea ice surveys
undertaken in winter months than summer months,
but recent (Granskog et al 2016, 2018, Assmy et al
2017, Rösel et al 2018) and planned interdisciplinary
expeditions (e.g. the Multidisciplinary drifting Obser-
vatory for the Study of Arctic Climate (MOSAiC),
www.mosaicobservatory.org) are adding to the

existing winter data and providing insights into the
changing Arctic sea ice system.

Ice age, also often used as a climate indicator (e.g.
Perovich et al 2018, Stroeve andNotz 2018) is now less
correlated with ice thickness than it used to be
(Tschudi et al 2016a), since the older ice classes have
become thinner. First-year ice with little snow cover
can reach a thickness similar to second-year ice
(Notz 2009), which has also been found in a recent
field experiment in the Arctic Ocean (Granskog et al
2016). This can be a challenge for deriving ice classes
from ice thickness data (Hansen et al 2014). Distin-
guishing first- and second-year ice by means of its
thickness was probably also not always trivial pre-
viously, and is complicated using satellite microwave
radiometry as well (Comiso 2006), but in total the
range of thicknesses has become narrower, with the
thickest ice classes becoming rare, making this more
difficult. Assessing the age of ice can be supported by
information on its physical properties, for example via
their signature in satellite microwave scatterometry
(Belmonte Rivas et al 2018), or by tracking ice move-
ment over time (Tschudi et al 2016a). The Lagrangian
tracking of ice parcels used here is subject to errors in
the motion tracking, especially for regions with high
spatial variability in ice dynamics, types and age within
the tracked ice parcels which triggered attempts for a
revision of the sea-ice age retrieval method (Korosov
et al 2018). But the general good agreement between
the ice age fields and ice thickness and multi-year ice
extent estimates (Maslanik et al 2011) make this pan-
Arctic dataset still a valuable tool to assess sea ice age
on large spatial scales.

Figure 2.Mapwith International Arctic Buoy Programme (IABP)drifting buoys formidAugust 2018. Vast areas of the sea ice covered
Arctic have no or only sparse buoy placements. Buoy data: IABP (http://iabp.apl.washington.edu/). Sea ice concentration for 14
August 2018:National Snow and IceDataCenter (NSIDC; Brodzik and Stewart 2016).
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The Lagrangian ice age fields are derived from sea
ice motion products (e.g. Lavergne et al 2010, Tschudi
et al 2016b), which use feature tracking algorithms to
estimate sea ice displacement in satellite imagery. The
most commonly used source is passive microwave
because of its all-sky capability. However, the low spa-
tial resolution is a significant limitation on the preci-
sion and accuracy of the estimates and important
small-scale features such as lead formation and ridging
cannot be detected. The growing catalogue of SAR
sensors has the potential to routinely provide daily,
near-Arctic wide coverage atmuch higher spatial reso-
lutions (e.g. RADARSAT Constellation), though the
passive microwave record will still be valuable for
long-term context.

Scientists are monitoring and studying sea ice as it
drifts through Fram Strait, the area between Green-
land and Svalbard, a major gate and only deepwater
connection connecting the Arctic Ocean to the other
world oceans (Kwok et al 2004, Spreen et al 2009,
Smedsrud et al 2011, Hansen et al 2013, Renner et al
2014, Smedsrud et al 2017). Through this gate, most of
the sea ice that is exported from the Arctic Ocean pas-
ses through here. Findings from here can give infor-
mation on a larger area ‘upstream’ (Kwok 2009,
Hansen et al 2013, Krumpen et al 2016). With current
technology and infrastructure, continuous monitor-
ing at such gates is only possible with moored instru-
ments (e.g. upward looking sonars for measuring sea
ice draft), satellite remote sensing, and local meteor-
ological information. Crucial gaps in this context are
or can be that there are only few or no observation sites
at a gate, and potential data gaps due to instrument
failures. Additional limitations arise from current
remote sensing capabilities for studying the complex
dynamics at such gates and a mis-match in the spatial
resolution of the applied data sources (e.g. Ricker et al
2018). Given the large across-strait variability in sea-
ice type, thickness and motion, SAR-based estimates
of the sea-ice motion are possibly the best way to pro-
ceed (Smedsrud et al 2017) provided enough in situ
data, e.g. frombuoys, allow continued evaluation.

2.5. Sea-ice thermodynamics, age and dynamic
processes uncertainties
Information about ice thermodynamics with high
temporal resolution is often retrieved from IMBs and
in situ measurements. Uncertainties are related to the
question how homogenous the ice cover is, or in other
words how representative a IMB site is for the region it
is placed in. Depending what technology in IMBs is
used, detection of snow ice and superimposed ice
might be not trivial, and this can lead to an over-
estimation of the snow thickness and an underestima-
tion of the ice thickness.

Drifter buoys with iridium transmitted GPS posi-
tions have a better accuracy than Argos-based buoys
without GPS earlier, but ice motion can be

underestimated due to motion with changing drift
direction between individual position recordings. For
avoiding that, we recommend position recordings at
least once an hour. Sophisticated methods have been
developed that use iridium transmission GPS beacons
to examine sea ice motion following methodology
developed for atmospheric dynamics (e.g. Lukovich
et al 2015). Methods of floe tracking from satellite pro-
ducts are well suited to local and regional scale motion
tracking (e.g. Komarov and Barber 2014, Itkin et al
2018) and detection and modelling of sea ice hazards
tomarine navigation (e.g. Barber et al 2014). A key gap
is to develop an improved understanding of sea ice
dynamic growth as a function of sea ice ridging and
rubbling. Essential for this is also improved informa-
tion on the spatial distribution and variability of sur-
face roughness. The process of dynamic growth is
expected to result locally and regionally in thicker ice
classes even though thermodynamic growth will be
reduced (see case study in Itkin et al 2018).

2.6. Biological implications of changing sea ice;
uncertainties and gaps in knowledge
Knowledge and data gaps continue to limit the
certainty of predictions concerning how the ice-
associated ecosystem and its coupling to the pelagic
and benthic food webs will respond under a changing
climate. The relative ease of accessing coastal landfast
ice versus the central Arctic ice-pack has resulted in
biogeochemical observations being focused in key
locations around the periphery of the Arctic Ocean,
leaving large data gaps for vast areas of the shelves and
central basins (e.g. Leu et al 2015). Similarly, logistical
considerations, as well as a focus on the biologically
productive period, have skewed the seasonal observa-
tional base towards spring-summer when environ-
mental conditions are more favorable to field studies.
The few autumn–winter studies that do exist (e.g.
Niemi et al 2011, Niemi and Michel 2015, Assmy et al
2017, Melnikov et al 2016, Olsen et al 2017) reveal
interesting ecological features of the ice-associated
ecosystem, calling for a better characterization of
biogeochemical processes during this time of year.
Little remains known about the distribution and
bloom development of sub- and under-ice primary
producers and there are few within-ice primary
production estimates.

Baseline information on multi-year sea ice com-
munities encompassing biomass, productivity and
biodiversity, and role in the cycling of carbon and
other elements, is also an important knowledge gap
which requires urgent attention given the rapid
decline in Arctic multiyear ice. With multiyear ice
potentially being more productive than traditionally
assumed (Lange et al 2017), there is a critical need for
rate measurements in multiyear ice. The likelihood of
changing ice and ocean conditions enhancing the
potential for toxin-producing algal blooms in the
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Arctic highlights a need for a better understanding of
the presence, distribution, and recurrence of these
species and their influence on Arctic food webs, as well
as a need to improve the reporting of toxin occur-
rences across the Arctic. Repeat observations of higher
trophic levels are also required, including fishes and
marine mammals, in order to constrain their ecologi-
cal responses and distributional changes in relation to
the changing sea-ice cover.

Owing to the interacting effects of light and nutri-
ents as the main factors controlling primary produc-
tion at the sea ice interface and under the ice,
uncertainties associated with observations and projec-
tions of the physical variables by which they are con-
trolled, confound the capacity to predict the future
structure and function of the sea-ice ecosystem. On
Arctic shelves, sea ice and sea ice export contribute sig-
nificantly to structure spatially diverse productivity
regimes, also influenced by nutrient inventories and
dynamics (Michel et al 2015, Tremblay et al 2015). As
these different productivity regimes respond differ-
ently to on-going and future Arctic change (Ardyna
et al 2011), a key challenge remains in resolving meso-
to large-scale heterogeneity across the shelves and
basins, for primary production estimates. In addition,
poorly constrained estimates of the contribution of ice
algae and phytoplankton to primary production and
transfers to the food web, including harvest resources,
require further attention. Furthermore, these uncer-
tainties increase when predicting the responses at
higher trophic levels, due to the added complexity of
interactions at the species, population, community
and ecosystem level.

Beyond gaps connected with sea ice ecosystem
observations, it is important to mention that there is
also a rather limited amount of modelling studies that
address both the complexity of the physical system,
and the wide range of components of the ecosystem
(e.g. Duarte et al 2015, 2017).

3. Changes of gaps over time

In table 1, we give an overview on Arctic sea ice
observation gaps. Some gaps disappear, while new
ones emerge. This is expected and connected to both
the change in sea ice conditions and processes, and in
the research and monitoring activities scientists
develop. New methods, designed to fill gaps, require
proper validation and development in order to pro-
duce accurate data with high temporal and spatial
resolution. Changing sea ice conditions result in
changing knowledge needs. For example, certain
processes can become less important while new, not
yet fully understood processes can become relevant.
Additionally, ice conditions can go beyond known
examples, such as when new record low ice extents are
registered, and regions become ice free, or change
from perennial to seasonal ice cover. Because of this, it

is critical to avoid potential gaps, for example in the
passive microwave satellite record, to continue
research to enhance knowledge and understanding,
and to extend observations to better characterize the
spatial heterogeneity of conditions. Redundancy in
observation systems is also desirable. Previous assess-
ment reports treated gaps of knowledge with varying
levels of depth.

In the ACIA report (2005), sea ice related gaps of
knowledge were not addressed specifically. However,
there were more general statements made that more
observations, process studies and monitoring would
be necessary; sea ice freezing and melting was men-
tioned. Recommendations included more use of
autonomous platforms, improved physics-ecosystem
modelling, and establishing of data bases. Parts of
these recommendations were followed up, but for
most of them there is still a way to go. Several interna-
tional collaborations, for example those that were a
part of the International Polar Year 2007–2009 led to
more observations, interdisciplinary approaches, and
modern technological solutions.

The fifth assessment report of the IPCC (Vaughan
et al 2013) discussed gaps in the observation record of
sea ice extent, and the approach to use climatology
data to fill gaps in the time series for times prior to the
passive microwave satellite era (prior to 1979). This
gives insights into a longer time series, but it also
increases the uncertainties and size of error bars of
these earlier periods 1870–1953 (twice) and
1954–1978 (factor 1.5), relative to the period from
1979 onwards. The frequent use of sea ice extent data
from passive microwave satellite observations as an
indicator of climate change illustrates the need to
improve these datasets, to better characterize the
uncertainties, and to ensure continuation of the obser-
vation time series.

The first AMAP SWIPA report from 2011
(AMAP 2011) addresses several of the gaps that were
also a subject of the most recent SWIPA report
(AMAP 2017). This is not particularly surprising since
there was only about six years between the two reports.
The lack of basin-wide snow thickness measurements
was highlighted already. Ice thickness data from satel-
lite sensors was still in development; at the time of
SWIPA 2011, the methods were not yet ready for rou-
tine use. As detailed above, there is still some way to
go, but the situation has improved. Several newer pub-
lications deal with use of satellite-based altimetry data
(e.g. Laxon et al 2013, Kurtz et al 2014, Ricker et al
2017, Tilling et al 2018, Paul et al 2018), and one has
more insights into the nature of the data received. In
September 2018, the NASA laser altimetry satellite
ICESat-2was launched, likely leading to better insights
into sea ice thickness distributions and changes.
SWIPA 2011 also mentioned shortcomings in process
understanding regarding ecosystem processes, and
few long-term biological sampling initiatives/pro-
grammes. Much progress has been made but
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establishing long-term time-series continues to be a chal-
lenge. Some examples of current efforts include the Joint
Ocean-Ice Studies in the Beaufort Sea (http://dfo-mpo.
gc.ca/science/collaboration/jois-eng.html), ArcticNet in
the coastal Canadian Arctic (http://www.arcticnet.
ulaval.ca/), the Distributed Biological Observatory in the
Pacific sector of theArctic (https://www.pmel.noaa.gov/
dbo/),MOSJEnvironmentalMonitoringof Svalbard and
Jan Mayen (http://www.mosj.no/en/), and the Nansen
Legacy in the northern Barents Sea and adjacent Arctic
Basin (http://www.nansenlegacy.org). Notably, some
predictions from the SWIPA 2011 report were directly
addressed by the scientific community, e.g. the predicted
occurrence of dual algal blooms associated with longer
open water seasons, studied in Ardyna et al (2011). The

upcoming MOSAiC project with fieldwork in 2019–20
will address gaps about ecosystemprocess understanding,
and the need of more community-based observations.
Community-based observing programs provide a mech-
anism for two-way knowledge transfers. This point was
alsohighlighted inSWIPA2017.

Limitations in sea ice observations present chal-
lenges for our ability to integrate observations with
models to enhance understanding. The presence of
short and/or inconsistent records, inadequate spatial
and temporal sampling, and challenges in estimating
observational uncertainty are all problematic for the
optimal use of observations to inform models. This
difficulty spans across possible model applications.
For comparisons to climate simulations of change, the

Table 1.Overview on observation gaps for Arctic sea ice.

Parameter Method Gap

(1) Nodata prior to 1978

Ice extent Passivemicrowave satellite sensors (1) Lacking validation data, resulting in unclear

uncertainty

(1) Potential of future data gaps because of few satellites

and long running times

Ice extent (high spatial
resolution)

SAR satellite sensors NoArctic-wide coverage as for passivemicrowave

Sea ice concentration SAR and passivemicrowave, optical

satellite RS

Spatial resolution, data processing algorithms, changing

sensors, unclear uncertainty

(1) Detailed snow thickness data and density data for

conversion of freeboard to thickness is lacking

Sea ice thickness Satellite-based altimeters (1) Only few in situ and airborne validation datasets

(1) Lack in interpretation knowledge of radar signals to

derive correct freeboard

(1) Gap of observation north of 88° N

Snow thickness Satellites, airborne, in situ Generally too few data

Sea icemass balance Autonomous buoys Too few buoys running at a given time, large gaps with

regions without buoys

Sea ice temperature Autonomous buoys Too few buoys running at a given time, large gaps with

regions without buoys

Ice age Ice thickness (allmethods) Ice age can be less easy derived from ice thickness, because

ice thicknesses for different ice ages can bemore simi-

lar now than earlier

Ice drift speed Floe tracking, buoys Datamight be biased towards underestimating speeds;

few buoys in parts of the Arctic

Biogeochemical and ecosystem

properties and projections

Methods that depend on sea ice physics

data and biogeochemical observations

(1) Large spatial gaps of observation;

(2) Gaps in physics data result in gaps in ecosystem data

where those are needed as input

Sea ice pollution In Situ/sampling and remote sensing Large spatial gaps of observation, andmethods developed

parallel to newpollutants coming up

Various parameters Autonomousmobile and remote sensing

based platforms

Newplatforms give new datasets, but calibration and vali-

dation is needed

Various physics and ecosystem

parameters

Variousmethods Lack ofwinter in situ data
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influence of internal variability needs to be thought-
fully considered. Indeed, even when considering rela-
tively long timeseries, such as that of the nearly 40 year
passive microwave ice concentration, internal varia-
bility can play an important role (e.g. Ding et al 2017)
and complicate the comparison of model simulations
and observations. The challenge of quantifying obser-
vational uncertainty has implications for the useful
assimilation of observations for model forecasting.
The lack of adequate spatial and temporal sampling of
variables like snow thickness, under-ice ecosystems,
and processes that drive their variability makes it diffi-
cult to use these observations to improve the model
representation of relevant processes. In general, given
that gaps and limitations in observations will always be
present, there is a need for better methods to integrate
observations and models, which explicitly consider
the limitations inherent in both the observations and
themodels.

Traditional knowledge, for example from Inuit,
can provide important value-added content to data
products and serves to make the data more relevant to
northern users. The Inuit have for millennia used the
sea ice as a travel corridor, a platform for resource har-
vesting and a key cultural icon for their way of life.
Closer ties are beginning to form, where the western
science approach is integrated with Inuit knowledge
(e.g. Krupnik et al 2010), beginning at the start of the
research process and working hand-in hand through
to conclusion and reporting (e.g. Barber and
Barber 2009).

The fact that gaps of knowledge aremore explicitly
discussed recently might also reflect that there is more
awareness about the relevance and importance of
topics and aspects that are not fully covered and solved
within the current status of knowledge.

4. Future, perspectives and strategies to
reduce gaps

Some options to reduce gaps are discussed in the
previous section. Although knowledge gaps will always
exist, a better understanding of the Arctic sea ice
system will provide a better knowledge base for
decision makers to choose options for sufficient
protection and sustainablemanagement.

Uncertainties arise in the development of new
methods. However, once these methods are fully
developed, they help to close knowledge and observa-
tion gaps, as it is the strategy with new satellites (e.g.
ESA Sentinels, NASA ICESat-2).More andmore avail-
able SAR satellite data (e.g. through Sentinel) with
higher resolution than passive microwave and differ-
ent polarisations can help to create and support almost
daily improved Arctic wide ice extent datasets in the
near future, to be useful for operational purposes, vali-
dation and climate research.

In some cases, rapid progress can be made to
address knowledge gaps. For example, the recent
awareness about microplastic pollution in sea ice has
led to upcoming research. Andwhile insights into pro-
cesses, amounts and distribution are currently rather
limited, first studies do indicate substantial levels and
motivate future work (Obbard et al 2014, Peeken et al
2018).

Large international efforts and projects such as
MOSAiC will provide more interdisciplinary datasets
in current sea ice regimes especially for seasons with
few existing observations (autumn, winter). Better
access to the Arctic can be a result of both new and
more platforms and ships and also changing ice condi-
tions. In general, more information and data about
Arctic sea ice is essential to close gaps: this concerns
new data to be collected, also through more commu-
nity-based observations including automatic sensors
on commercial ships and aircrafts, but also better
access to existing data via data portals and data bases.
The value of the data also depends on consistency of
datasets collected by different groups and in different
regions. Efforts to coordinate future expeditions and
data collection in amore sophisticated way will help to
increase the possibilities of data use and intercompar-
ability. This includes also considering possible future
datasets, to be collected with methods that do not yet
exist. Archiving sea ice, snow and water samples can
allow for later analysis with improved or refinedmeth-
ods future technologies that do not exist yet.

Communication between scientists through pub-
lications, modern social media, international projects
and symposia is and will be important. Building inte-
grated, interdisciplinary communities of modelers,
field observers, and remote sensing research is a cri-
tical component of future efforts. Models can be used
to inform observational strategies. The observations
can then be used to improve parameterizations used in
models. This approach is necessary in order to develop
a new generation of creative sea ice scientists, develop-
ing projects to address crucial gaps of knowledge.

Acknowledgments

We thank five anonymous reviewers for their valuable
and constructive comments on an earlier version of
this paper. We are grateful for the efforts of the
contributing authors to sea ice chapter in the Snow,
Water, Ice and Permafrost in the Arctic (SWIPA) 2017
report, and we thank the Arctic Monitoring and
Assessment Programme (AMAP) and its secretariat
for coordinating the work for that report, from which
the sea ice chapter represents the base for this
publication. We thank Anders Skoglund, Norwegian
Polar Institute, for support producing the map in
figure 2. The project ID Arctic, funded by the
Norwegian Ministries of Foreign Affairs and
Climate and Environment (programme Arktis 2030)

10

Environ. Res. Lett. 14 (2019) 043002 SGerland et al



supported the collaboration of authors from Norway,
Canada and USA. Zhijun Li’s contribution was
supported by the Global Change Research Program of
China (2015CB953901). Marika Holland’s contrib-
ution was supported by the National Center for
Atmospheric Research, which is a major facility
sponsored by the U.S. National Science Foundation
underCooperative AgreementNo. 1852977.

ORCID iDs

SebastianGerland https://orcid.org/0000-0002-
2295-9867
WaltMeier https://orcid.org/0000-0003-
2857-0550

References

ACIA 2005Arctic Climate Impact Assessment: Scientific Report.
(Cambridge: CambridgeUniversity Press) p 1042

AlexandrovV, Sandven S,Wahlin J and JohannessenOM2010The
relation between sea ice thickness and freeboard in theArctic
Cryosphere 4 373–80

AMAP2011 Snow,water, ice and permafrost in the arctic (SWIPA):
climate change and the cryosphereArcticMonitoring and
Assessment Programme (AMAP) (Oslo,Norway) pp 538

AMAP2017 Snow,water, ice and permafrost in the arctic (SWIPA)
2017ArcticMonitoring andAssessment Programme (AMAP)
(Oslo,Norway) pp 269

ArdynaM,GosselinM,Michel C, PoulinMandTremblay J-É 2011
Environmental forcing of phytoplankton community
structure and function in theCanadian highArctic:
contrasting oligotrophic and eutrophic regionsMar. Ecol.
Prog. Ser. 442 37–47

AssmyP et al 2017Leads inArctic pack ice enable early phytoplankton
bloomsbelow snow-covered sea iceSci. Rep.7 40850

BarberDGandBarberD 2009TwoWays of Knowing:Merging
Science andTraditional KnowledgeDuring the Fourth
International Polar Year. (Winnipeg, Canada: University of
Manitoba Press)p 287

BarberDG,Galley R, AsplinMG,DeAbreuR,Warner K-A,
PuckoM,GuptaM, Prinsenberg S and Julien S 2009
Perennial pack ice in the southern Beaufort Seawas not as it
appeared in the summer of 2009Geophys. Res. Lett. 36 L24501

BarberDG,McCulloughG, BabbDG,KomarovA S, Candlish LM,
Lukovich JV, AsplinM, Prinsenberg S, Dmitrenko I and
Rysgaard S 2014Climate change and ice hazards in the
beaufort seaElem. Sci. Anth. 2 000025

BarberDG et al 2017Arctic sea ice. Chapter 5 of Snow,Water, Ice and
Permafrost in the Arctic (SWIPA). (Oslo: AMAP) 103–36

BeitschA, Kaleschke L andKern S 2014 Investigating high-
resolutionAMSR2 sea ice concentrations during the february
2013 fracture event in the Beaufort SeaRemote Sens. 6
3841–56

Belmonte RivasM,Otosaka I, Stoffelen A andVerhoef A 2018A
scatterometer record of sea ice extents and backscatter:
1992–2016Cryosphere 12 2941–53

BiH,HuangH, SuQ, Yan L, Liu Y andXuX2014AnArctic sea ice
thickness variability revealed from satellite altimetric
measurementsActaOceanol. Sin. 33 134–40

Boisvert LN,WebsterMA, Petty AA,Markus T,
BromwichDHandCullather R I 2018 Intercomparison of
precipitation estimates over the ArcticOcean and its
peripheral seas from reanalyses J. Clim. 31 8441–8462

BrodzikM J and Stewart J S 2016Near-Real-Time SSM/I-SSMIS
EASE-GridDaily Global Ice Concentration and SnowExtent,
Version 5. [Sea ice concentration]. (Boulder, ColoradoUSA:
NASANational Snow and IceDataCenterDistributed Active

ArchiveCenter) (Accessed: 17 August 2018) (https://doi.
org/10.5067/3KB2JPLFPK3R.)

Brucker L, Cavalieri D J,Markus T and IvanovA 2014NASATeam2
sea ice concentration algorithm retrieval uncertainty IEEE
Trans. Geosci. Remote Sens. 52 7336–52

Brucker L andMarkus T 2013Arctic-scale assessment of satellite
passivemicrowave-derived snowdepth on sea ice using
operation icebridge airborne data J. Geophys. Res. Oceans 118
2892–905

Comiso J C 2006 Impacts of the variability of second-year ice types
on the decline of the Arctic perennial sea-ice coverAnn.
Glaciol. 44 375–82

Comiso J C,Gersten RA, Stock LV, Turner J, PerezG J andChoK
2017 Positive trend in theAntarctic sea ice cover and
associated changes in surface temperature J. Clim. 30
2251–67

DingQ et al 2017 Influence of high-latitude atmospheric circulation
changes on summertimeArctic sea iceNat. Clim. Change 7
289–95

Duarte P, Assmy P,HopH, SpreenG,Gerland S andHudson SR
2015Modeling potentials and limitations for estimating
production of ice algae in theArcticOcean J.Mar. Syst. 145
69–90

Duarte P et al 2017 Sea-ice thermohaline-dynamics and
biogeochemistry in theArctic Ocean: empirical andmodel
results J. Geophys. Res.-Biogeosci. 122 1632–54

Eisenman I,MeierWNandNorris J R 2014A spurious jump in the
satellite record: has Antarctic sea ice expansion been
overestimated?Cryosphere 8 1289–96

ForsströmS,Gerland S and PedersenCA2011Thickness and
density of snow-covered sea ice and hydrostatic equilibrium
assumption from in situmeasurements in FramStrait, the
Barents Sea and the Svalbard coastAnn.Glaciol. 57 261–70

Gerland S andRenner AHH2007 Sea icemass balance in anArctic
fjordAnn.Glaciol. 46 435–42

Giles KA, Laxon SWandRidout A L 2008Circumpolar thinning of
Arctic sea ice following the 2007 record ice extentminimum
Geophys. Res. Lett. 35 L22502

GranskogMA, AssmyP,Gerland S, SpreenG, SteenH and
Smedsrud LH2016Arctic research on thin ice: consequences
of Arctic sea ice lossEos Trans. AGU 97 22–6

GranskogMA, Fer I, Rinke A and SteenHH2018Atmosphere-
iceocean-ecosystemprocesses in a thinner Arctic sea ice
regime:theNorwegian young sea ICE (N-ICE2015)
expedition J. Geophys. Res. Oceans 123 1586–1594

HaasC, Beckers J, King J, Silis A, Stroeve J,Wilkinson J,
NotenboomB, Schweiger A andHendricks S 2017 Ice and
snow thickness variability and change in the highArctic
Ocean observed by in situmeasurementsGeophys. Res. Lett.
44 10462–69

Hansen E, Gerland S, GranskogMA, PavlovaO, Renner AHH,
Haapala J, Løyning TB andTschudiM2013Thinning of
Arctic sea ice observed in FramStrait: 1990–2011 J. Geophys.
Res.—Oceans 118 5202–5221

Hansen E, EkebergO-C,Gerland S, PavlovaO, SpreenG and
TschudiM2014Variability in categories of Arctic sea ice in
FramStrait J. Geophys. Res. Oceans 119 7175–89

HeygsterG,HuntemannM, IvanovaN, SaldoR and Pedersen LT
2014Response of passivemicrowave sea ice concentration
algorithms to thin ice 2014 IEEE Int. Proc. Geoscience and
Remote Sensing Symp. (IGARSS) (Quebec City, 13–18 July)
pp 3618–21

HoppmannM,NicolausM,Hunkeler PA,Heil P, Behrens L-K,
König-LangloG andGerdes R 2015 Seasonal evolution of an
ice-shelf influenced fast-ice regime, derived from an
autonomous thermistor chain J. Geophys. Res. Oceans 120
1703–24

HuntemannM,HeygsterG, Kaleschke L, KrumpenT,
MäkynenMandDruschM2014 Empirical sea ice thickness
retrieval during the freeze up period fromSMOShigh
incident angle observationsCryosphere 8 439–51

Itkin P, SpreenG,Hvidegaard SM, SkourupH,Wilkinson J,
Gerland S andGranskogMA2018Contribution of

11

Environ. Res. Lett. 14 (2019) 043002 SGerland et al

https://orcid.org/0000-0002-2295-9867
https://orcid.org/0000-0002-2295-9867
https://orcid.org/0000-0002-2295-9867
https://orcid.org/0000-0002-2295-9867
https://orcid.org/0000-0002-2295-9867
https://orcid.org/0000-0003-2857-0550
https://orcid.org/0000-0003-2857-0550
https://orcid.org/0000-0003-2857-0550
https://orcid.org/0000-0003-2857-0550
https://orcid.org/0000-0003-2857-0550
https://doi.org/10.5194/tc-4-373-2010
https://doi.org/10.5194/tc-4-373-2010
https://doi.org/10.5194/tc-4-373-2010
https://doi.org/10.3354/meps09378
https://doi.org/10.3354/meps09378
https://doi.org/10.3354/meps09378
https://doi.org/10.1038/srep40850
https://doi.org/10.1029/2009GL041434
https://doi.org/10.12952/journal.elementa.000025
https://doi.org/10.3390/rs6053841
https://doi.org/10.3390/rs6053841
https://doi.org/10.3390/rs6053841
https://doi.org/10.3390/rs6053841
https://doi.org/10.5194/tc-12-2941-2018
https://doi.org/10.5194/tc-12-2941-2018
https://doi.org/10.5194/tc-12-2941-2018
https://doi.org/10.1007/s13131-014-0562-y
https://doi.org/10.1007/s13131-014-0562-y
https://doi.org/10.1007/s13131-014-0562-y
https://doi.org/10.1175/JCLI-D-18-0125.1
https://doi.org/10.1175/JCLI-D-18-0125.1
https://doi.org/10.1175/JCLI-D-18-0125.1
https://doi.org/10.5067/3KB2JPLFPK3R.
https://doi.org/10.5067/3KB2JPLFPK3R.
https://doi.org/10.1109/TGRS.2014.2311376
https://doi.org/10.1109/TGRS.2014.2311376
https://doi.org/10.1109/TGRS.2014.2311376
https://doi.org/10.1002/jgrc.20228
https://doi.org/10.1002/jgrc.20228
https://doi.org/10.1002/jgrc.20228
https://doi.org/10.1002/jgrc.20228
https://doi.org/10.3189/172756406781811673
https://doi.org/10.3189/172756406781811673
https://doi.org/10.3189/172756406781811673
https://doi.org/10.1175/JCLI-D-16-0408.1
https://doi.org/10.1175/JCLI-D-16-0408.1
https://doi.org/10.1175/JCLI-D-16-0408.1
https://doi.org/10.1175/JCLI-D-16-0408.1
https://doi.org/10.1038/nclimate3241
https://doi.org/10.1038/nclimate3241
https://doi.org/10.1038/nclimate3241
https://doi.org/10.1038/nclimate3241
https://doi.org/10.1016/j.jmarsys.2014.12.004
https://doi.org/10.1016/j.jmarsys.2014.12.004
https://doi.org/10.1016/j.jmarsys.2014.12.004
https://doi.org/10.1016/j.jmarsys.2014.12.004
https://doi.org/10.1002/2016JG003660
https://doi.org/10.1002/2016JG003660
https://doi.org/10.1002/2016JG003660
https://doi.org/10.5194/tc-8-1289-2014
https://doi.org/10.5194/tc-8-1289-2014
https://doi.org/10.5194/tc-8-1289-2014
https://doi.org/10.3189/172756411795931598
https://doi.org/10.3189/172756411795931598
https://doi.org/10.3189/172756411795931598
https://doi.org/10.3189/172756407782871215
https://doi.org/10.3189/172756407782871215
https://doi.org/10.3189/172756407782871215
https://doi.org/10.1029/2008GL035710
https://doi.org/10.1029/2016EO044097
https://doi.org/10.1029/2016EO044097
https://doi.org/10.1029/2016EO044097
https://doi.org/10.1002/2017JC013328
https://doi.org/10.1002/2017JC013328
https://doi.org/10.1002/2017JC013328
https://doi.org/10.1002/2017GL075434
https://doi.org/10.1002/2017GL075434
https://doi.org/10.1002/2017GL075434
https://doi.org/10.1093/gji/ggt116
https://doi.org/10.1093/gji/ggt116
https://doi.org/10.1093/gji/ggt116
https://doi.org/10.1002/2014JC010048
https://doi.org/10.1002/2014JC010048
https://doi.org/10.1002/2014JC010048
https://doi.org/10.1002/2014JC010327
https://doi.org/10.1002/2014JC010327
https://doi.org/10.1002/2014JC010327
https://doi.org/10.1002/2014JC010327
https://doi.org/10.5194/tc-8-439-2014
https://doi.org/10.5194/tc-8-439-2014
https://doi.org/10.5194/tc-8-439-2014


deformation to sea icemass balance: a case study from an
N-ICE2015 stormGeophys. Res. Lett. 45 789–796

JacksonK,Wilkinson J,MaksymT,MeldrumD, Beckers J,
HaasC andMackenzieD 2013Anovel and low-cost sea ice
mass balance buoy J. Atmos. Oceanic Technol. 30 2676–88

Kaleschke L, Tian-KunzeX,MaaßN,MäkynenMandDruschM
2012 Sea ice thickness retrieval fromSMOSbrightness
temperatures during theArctic freeze-up periodGeophys.
Res. Lett. 39 L05501

Kaleschke L et al 2016 SMOS sea ice product: operational
application and validation in the Barents Seamarginal ice
zoneRemote Sens. Environ. 180 264–73

Kern S 2004Anewmethod formedium-resolution sea ice analysis
usingweather-influence corrected special sensormicrowave/
imager 85GHzdata Int. J. Remote Sens. 25 4555–82

Kern S, KhvorostovskyK, SkourupH, Rinne E, Parsakhoo Z S,
DjepaV,Wadhams P and Sandven S 2015The impact of
snowdepth, snow density and ice density on sea ice thickness
retrieval from satellite radar altimetry: results from the ESA-
CCI sea ice ECVproject round robin exerciseCryosphere 9
37–52

Kern S, Rösel A, Pedersen LT, IvanovaN, SaldoR andTonboeRT
2016The impact ofmelt ponds on summertimemicrowave
brightness temperatures and sea-ice concentrations
Cryosphere 10 2217–39

King J, SkourupH,Hvidegaard SM, Rösel A, Gerland S,
SpreenG andListonGE 2018Comparison of freeboard
retrieval and ice thickness calculation fromALS, ASIRAS, and
CryoSat-2 in theNorwegian Arctic to fieldmeasurements
made during theN-ICE2015 expedition J. Geophys. Res.
Oceans 123 1123–1141

KomarovA andBarberDG2014 Sea Icemotion tracking from
sequential dual-polarized Radarsat-2 images IEEE Trans.
Geosci. Remote Sens. 52 121–36

Kongoli C, Boukabara S A, YanB,Weng F and Ferraro R 2011Anew
sea ice concentration algorithmbased onmicrowave surface
emissivities–application toAMSUmeasurements IEEE
Trans. Geosci. Remote Sens. 49 175–89

KorosovAA, Rampal P, Toudal Pedersen L, SaldoR, Ye Y,
HeygsterG, Lavergne T, Aaboe S andGirard-Ardhuin F 2018
Anew tracking algorithm for sea ice age distribution
estimationCryosphere 12 2073–85

KrumpenT,Gerdes R,HaasC,Hendricks S,Herber A,
SelyuzhenokV, Smedsrud LHand SpreenG 2016Recent
summer sea ice thickness surveys in Fram Strait and
associated ice volume fluxesCryosphere 10 523–34

Krupnik I, Aporta C,Gearheard S, LaidlerG J andKielsenHolmL
(ed) 2010 SIKU: KnowingOur Ice. (Netherlands: Springer)
p 501

KurtzNT, Farrell S L, StudingerM,GalinN,Harbeck J P, Lindsay R,
OnanaVD, Panzer B and Sonntag JG 2013 Sea ice thickness,
freeboard, and snowdepth products fromOperation
IceBridge airborne dataCryosphere 7 1035–56

KurtzNT, GalinN and StudingerM2014An improvedCryoSat-2
sea ice freeboard retrieval algorithm through the use of
waveform fittingCryosphere 8 1217–37

KwokR 2009Outflowof ArcticOcean sea ice into theGreenland
andBarents Seas: 1979–2007 J. Clim. 22 2438–57

KwokR 2014 Simulated effects of a snow layer on retrieval of
CryoSat-2 sea ice freeboardGeophys. Res. Lett. 41 5014–20

KwokR andCunninghamGF2015Variability of Arctic sea ice
thickness and volume fromCryoSat-2Phil. Trans. R. Soc.A
373 20140157

KwokR, CunninghamGF andPang S S 2004 Fram Strait sea ice
outflow J. Geophys. Res. 109C01009

Lange BA et al 2017 Pan-Arctic sea ice-algal chl a biomass and
suitable habitat are largely underestimated formulti-year ice
Glob. Change Biol. 23 4581–97

Lavergne T, Eastwood S, Teffah Z, SchybergH andBreivik L -A 2010
Sea icemotion from low‐resolution satellite sensors: An
alternativemethod and its validation in the Arctic J. Geophys.
Res. 115C10032

Lavergne T et al 2019Version 2 of the EUMETSATOSI SAF and
ESACCI sea ice concentration climate data records
Cryosphere 13 49–78

Lawrence I R, TsamadosMC, Stroeve J C, Armitage TWKand
Ridout A L 2018 Estimating snowdepth over Arctic sea ice
from calibrated dual-frequency radar freeboardsCryosphere
12 3551–64

Laxon S, PeacockH and SmithD2003High interannual variability
of sea ice thickness in the Arctic regionNature 425 947–950

Laxon SW et al 2013CryoSat-2 estimates of Arctic sea ice thickness
and volumeGeophys. Res. Lett. 40 732–7

Leu E,MundyC J, Assmy P, Campbell K,Gabrielsen TM,
GosselinM, Juul-Pedersen T andGradinger R 2015Arctic
spring awakening—steering principles behind the phenology
of vernal ice algae bloomsProg. Oceanogr. 139 151–70

Li L, ChenHandGuan L 2016 Study on the retrieval of snowdepth
fromFY3B/MWRI in theArctic Int. Arch. Photogramm.,
Remote Sens. Spat. Inf. Sci. ISPRSArch.V41 513–20

Lindsay R and Schweiger A 2015Arctic sea ice thickness loss
determined using subsurface, aircraft, and satellite
observationsCryosphere 9 269–83

Lukovich JV,Hutchings J K andBarberDG2015On sea-ice
dynamical regimes in the ArcticOceanAnn.Glaciol. 56 69

MaaßN,Kaleschke L, Tian-Kunze X andDruschM2013 Snow
thickness retrieval over thick Arctic sea ice using SMOS
satellite dataCryosphere 7 1971–89

MaaßN,Kaleschke L, Tian-Kunze X andTonboeR 2015 Snow
thickness retrieval fromL-band brightness temperatures: a
model comparisonAnn.Glaciol. 56 9–17

Maslanik J, Stroeve J, Fowler C and EmeryW2011Distribution and
trends inArctic sea ice age through spring 2011Geophys. Res.
Lett. 38 L13502

MäkynenMandKarvonen J 2017MODIS sea ice thickness and
openwater–sea ice charts over the Barents andKara Seas for
development and validation of sea ice products from
microwave sensor dataRemote Sens. 9 1324

MeierWN, PengG, Scott D J and SavoieMH2014Verification of a
newNOAA/NSIDCpassivemicrowave sea-ice concentration
climate record Polar Res. 33 21004

MeierWN, Fetterer F, Stewart J S andHelfrich S 2015Howdo sea
ice concentrations fromoperational data comparewith
passivemicrowave estimates?Implications for improved
model evaluations and forecastingAnn.Glaciol. 56 332–40

MeierWNand Stewart J S 2019Assessing uncertainties in sea ice
extent climate indicators Environ. Res. Lett. 14 035005

Melnikov I A, Zhitina L S and Semenova TN2016Recent condition
of the sea ice biodiversity within theNorth Pole regionProbl.
Arktili I Antarct. 4 104–10 (in Russian) (http://aari.ru/misc/
publicat/paa_arj_jour_en.php?idnum=477)

Michel C,Hamilton J, Hansen E, BarberD, ReigstadM, Iacozza J,
Seuthe L andNiemi A 2015Arctic Ocean outflow shelves in
the changing Arctic: a review and perspectives Prog. Oceanogr.
139 66–88

NandanV,Geldsetzer T, Yackel J,MahmudM, Scharien R,
Howell S, King J, Ricker R and Else B 2017 Effect of snow
salinity onCryoSat-2 Arctic first-year sea ice freeboard
measurementsGeophys. Res. Lett. 44 10419–26

Niemi A andMichel C 2015Temporal and spatial variability in sea-
ice carbon:nitrogen ratios onCanadianArctic shelves Elem.:
Sci. Anth. 3 000078

Niemi A,Michel C,Hille K and PoulinM2011 Protist assemblages
inwinter sea ice: setting the stage for the spring ice algal
bloomPolar Biol. 34 1803–17

Notz D 2009 The future of ice sheets and sea ice: between
reversible retreat and unstoppable loss Proc. Natl Acad. Sci.
106 20590–5

ObbardRW, Sadri S,WongYQ,KhitunAA, Baker I and
ThompsonRC2014Global warming releasesmicroplastic
legacy frozen in Arctic Sea iceEarth’s Future 2 315–20

Olsen LM et al 2017The seeding of ice algal blooms inArctic pack
ice: Themultiyear ice seed repository hypothesis J. Geophys.
Res. Biogeosciences 122 1529–1548

12

Environ. Res. Lett. 14 (2019) 043002 SGerland et al

https://doi.org/10.1002/2017GL076056
https://doi.org/10.1002/2017GL076056
https://doi.org/10.1002/2017GL076056
https://doi.org/10.1175/JTECH-D-13-00058.1
https://doi.org/10.1175/JTECH-D-13-00058.1
https://doi.org/10.1175/JTECH-D-13-00058.1
https://doi.org/10.1029/2012GL050916
https://doi.org/10.1016/j.rse.2016.03.009
https://doi.org/10.1016/j.rse.2016.03.009
https://doi.org/10.1016/j.rse.2016.03.009
https://doi.org/10.1080/01431160410001698898
https://doi.org/10.1080/01431160410001698898
https://doi.org/10.1080/01431160410001698898
https://doi.org/10.5194/tc-9-37-2015
https://doi.org/10.5194/tc-9-37-2015
https://doi.org/10.5194/tc-9-37-2015
https://doi.org/10.5194/tc-9-37-2015
https://doi.org/10.5194/tc-10-2217-2016
https://doi.org/10.5194/tc-10-2217-2016
https://doi.org/10.5194/tc-10-2217-2016
https://doi.org/10.1002/2017JC013233
https://doi.org/10.1002/2017JC013233
https://doi.org/10.1002/2017JC013233
https://doi.org/10.1109/TGRS.2012.2236845
https://doi.org/10.1109/TGRS.2012.2236845
https://doi.org/10.1109/TGRS.2012.2236845
https://doi.org/10.1109/TGRS.2010.2052812
https://doi.org/10.1109/TGRS.2010.2052812
https://doi.org/10.1109/TGRS.2010.2052812
https://doi.org/10.5194/tc-12-2073-2018
https://doi.org/10.5194/tc-12-2073-2018
https://doi.org/10.5194/tc-12-2073-2018
https://doi.org/10.5194/tc-10-523-2016
https://doi.org/10.5194/tc-10-523-2016
https://doi.org/10.5194/tc-10-523-2016
https://doi.org/10.5194/tc-7-1035-2013
https://doi.org/10.5194/tc-7-1035-2013
https://doi.org/10.5194/tc-7-1035-2013
https://doi.org/10.5194/tc-8-1217-2014
https://doi.org/10.5194/tc-8-1217-2014
https://doi.org/10.5194/tc-8-1217-2014
https://doi.org/10.1175/2008JCLI2819.1
https://doi.org/10.1175/2008JCLI2819.1
https://doi.org/10.1175/2008JCLI2819.1
https://doi.org/10.1002/2014GL060993
https://doi.org/10.1002/2014GL060993
https://doi.org/10.1002/2014GL060993
https://doi.org/10.1098/rsta.2014.0157
https://doi.org/10.1029/2003JC001785
https://doi.org/10.1111/gcb.13742
https://doi.org/10.1111/gcb.13742
https://doi.org/10.1111/gcb.13742
https://doi.org/10.1029/2009JC005958
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-13-49-2019
https://doi.org/10.5194/tc-12-3551-2018
https://doi.org/10.5194/tc-12-3551-2018
https://doi.org/10.5194/tc-12-3551-2018
https://doi.org/10.1038/nature02050
https://doi.org/10.1038/nature02050
https://doi.org/10.1038/nature02050
https://doi.org/10.1002/grl.50193
https://doi.org/10.1002/grl.50193
https://doi.org/10.1002/grl.50193
https://doi.org/10.1016/j.pocean.2015.07.012
https://doi.org/10.1016/j.pocean.2015.07.012
https://doi.org/10.1016/j.pocean.2015.07.012
https://doi.org/10.5194/isprsarchives-XLI-B8-513-2016
https://doi.org/10.5194/isprsarchives-XLI-B8-513-2016
https://doi.org/10.5194/isprsarchives-XLI-B8-513-2016
https://doi.org/10.5194/tc-9-269-2015
https://doi.org/10.5194/tc-9-269-2015
https://doi.org/10.5194/tc-9-269-2015
https://doi.org/10.3189/2015AoG69A606
https://doi.org/10.5194/tc-7-1971-2013
https://doi.org/10.5194/tc-7-1971-2013
https://doi.org/10.5194/tc-7-1971-2013
https://doi.org/10.3189/2015AoG69A886
https://doi.org/10.3189/2015AoG69A886
https://doi.org/10.3189/2015AoG69A886
https://doi.org/10.1029/2011GL047735
https://doi.org/10.3390/rs9121324
https://doi.org/10.3402/polar.v33.21004
https://doi.org/10.3189/2015AoG69A694
https://doi.org/10.3189/2015AoG69A694
https://doi.org/10.3189/2015AoG69A694
https://doi.org/1748-9326/1748-9326/aaf52c
http://www.aari.ru/misc/publicat/paa_arj_jour_en.php?idnum=477
http://www.aari.ru/misc/publicat/paa_arj_jour_en.php?idnum=477
https://doi.org/10.1016/j.pocean.2015.08.007
https://doi.org/10.1016/j.pocean.2015.08.007
https://doi.org/10.1016/j.pocean.2015.08.007
https://doi.org/10.1002/2017GL074506
https://doi.org/10.1002/2017GL074506
https://doi.org/10.1002/2017GL074506
https://doi.org/10.12952/journal.elementa.000078
https://doi.org/10.1007/s00300-011-1059-1
https://doi.org/10.1007/s00300-011-1059-1
https://doi.org/10.1007/s00300-011-1059-1
https://doi.org/10.1073/pnas.0902356106
https://doi.org/10.1073/pnas.0902356106
https://doi.org/10.1073/pnas.0902356106
https://doi.org/10.1002/2014EF000240
https://doi.org/10.1002/2014EF000240
https://doi.org/10.1002/2014EF000240
https://doi.org/10.1002/2016JG003668
https://doi.org/10.1002/2016JG003668
https://doi.org/10.1002/2016JG003668


Paul S,Hendricks S, Ricker R, Kern S andRinne E 2018 Empirical
parametrization of Envisat freeboard retrieval of Arctic and
Antarctic sea ice based onCryoSat-2: progress in the ESA
climate change initiativeCryosphere 12 2437–60

Peeken I, Primpke S, Beyer B, Gütermann J, KatleinC, KrumpenT,
BergmannM,Hehemann L andGerdtsG 2018Arctic sea ice
is an important temporal sink andmeans of transport for
microplasticNat. Commun. 9 1505

PengG,MeierWN,ScottD J andSavoieMH2013A long-termand
reproducible passivemicrowave sea ice concentrationdata record
for climate studies andmonitoringEarthSyst. Sci.Data5311–8

PerovichDK andRichter-Menge J A 2015Regional variability in sea
icemelt in a changing ArcticProc. R. Soc. 373 20140165

PerovichD et al 2018 Sea ice cover. Section 5d in state of the climate
in 2017Bull. Am.Meteorol. Soc. 99 S147–52

Polashenski C, PerovichD, Richter-Menge J and Elder B 2011
Seasonal icemass-balance buoys: adapting tools to the
changingArcticAnn.Glaciol. 52 18–26

Renner AHH,Gerland S,HaasC, SpreenG, Beckers J F,Hansen E,
NicolausMandGoodwinH2014 Evidence of Arctic sea ice
thinning fromdirect observationsGeophys. Res. Lett. 41
5029–36

Ricker R, Girard-Ardhuin F, KrumpenT and LiqueC 2018 Satellite
derived sea ice export and ist impact onArctic icemass
balanceCryosphere 12 3017–32

Ricker R,Hendricks S, HelmV, SkourupHandDavidsonM2014
Sensitivity of CryoSat-2 Arctic sea-ice freeboard and
thickness on radar-waveform interpretationCryosphere 8
1607–22

Ricker R,Hendricks S, Kaleschke L, Tian-KunzeX, King J and
HaasC 2017Aweekly Arctic sea-ice thickness data record
frommergedCryoSat-2 and SMOS satellite dataCryosphere
11 1607–23

Ricker R,Hendricks S, PerovichDK,HelmV andGerdes R 2015
Impact of snow accumulation onCryoSat-2 range retrievals
over Arctic sea ice: an observational approachwith buoy data
Geophys. Res. Lett. 42 4447–55

Rigor I G, ColonyR L andMartin S 2000Variations in surface air
temperature observations in theArctic, 1979–97 J. Clim. 13
896–914

Rigor I G, Clemente-Colón P, Reinking C,KeithD andReamsM
2016The International Arctic Buoy Programme (IABP)—A
Model for Sustaining Arctic ObservingNetworksWhite paper
Arctic Observing Summit 2016 (Fairbanks Alaska, USA) p 9

Rösel A, Itkin P, King J, DivineD,WangC,GranskogMA,
KrumpenT andGerland S 2018Winter and spring
development of sea-ice and snow thickness distributions
north of Svalbard observed duringN-ICE2015 J. Geophys.
Res.—Oceans 123 1156–1176

Rösel A, Kaleschke L andBirnbaumG2012Melt ponds onArctic
sea ice determined fromMODIS satellite data using an
artificial neural networkCryosphere 6 431–46

SchwegmannS,RinneE,RickerR,Hendricks S andHelmV2016
About the consistencybetweenEnvisat andCryoSat-2 radar
freeboard retrieval overAntarctic sea iceCryosphere101415–25

Schweiger A, Lindsay R, Zhang J, SteeleM, SternH andKwokR
2011Uncertainty inmodeled Arctic sea ice volume
J. Geophys. Res. 116C00D06

Smedsrud LH,HalvorsenMH, Stroeve J C, Zhang R andKloster K
2017 FramStrait sea ice export variability and September
Arctic sea ice extent over the last 80 yearsCryosphere 11 65–79

Smedsrud LH, Sirevaag A, Kloster K, Sorteberg A and Sandven S S
2011Recent wind driven high sea ice area export in the Fram
Strait contributes toArctic sea ice declineCryosphere 5 821–9

SpreenG,Kaleschke L andHeygsterG 2008 Sea ice remote sensing
usingAMSR-E 89-GHz channels J. Geophys. Res. 113C02S03

SpreenG,Kern S, StammerD andHansen E 2009 FramStrait sea ice
volume export estimated between 2003 and 2008 from
satellite dataGeophys. Res. Lett. 36 L19502

Stroeve J andNotzD 2018Changing state of Arctic sea ice across all
seasonsEnviron. Res. Lett. 13 (10) 103001

Tian-KunzeX, Kaleschke L,MaaßN,MäkynenM, SerraN,
DruschMandKrumpenT 2014 SMOS-derived thin sea ice
thickness: algorithmbaseline, product specifications and
initial verificationCryosphere 8 997–1018

TikhonovVV,Repina IA,RaevMD,SharkovEA, IvanovVV,
BoyarskiiDA,AlexeevaTAandKomarovaNY2015Aphysical
algorithm tomeasure sea ice concentration frompassive
microwave remote sensingdataAdv. SpaceRes.561578–89

Tilling R L, Ridout A, Shepherd A andWinghamD J 2015 Increased
Arctic sea ice volume after anomalously lowmelting in 2013
Nat. Geosci. 8 643–6

Tilling R L, Ridout A and Shepherd A 2018 Estimating Arctic sea ice
thickness and volume usingCryoSat-2 radar altimeter data
Adv. Space Res. 62 1203–25

TonboeRT, Eastwood S, Lavergne T, SørensenAM,RathmannN,
DybkjærG, Pedersen LT,Høyer J L andKern S 2016The
EUMETSAT sea ice concentration climate data record
Cryosphere 10 2275–90

Tremblay J-É, Anderson LG,Matrai P, Coupel P, Bélanger S,
Michel C andReigstadM2015Global and local drivers of
nutrient supply, primary production andCO2 drawdown in
the changing Arctic oceanProg. Oceanogr. (https://doi.org/
10.1016/j.pocean.2015.08.009)

TschudiMA, Stroeve J C and Stewart J S 2016a Relating the age of
Arctic sea ice to its thickness, asmeasured duringNASA’s
ICESat and IceBridge campaignsRemote Sens. 8 457

TschudiM, Fowler C,Maslanik J, Stewart J S andMeierW2016b
Polar PathfinderDaily 25 kmEASE-Grid Sea IceMotion
Vectors, Version 3. (Boulder, ColoradoUSA:NASANational
Snow and IceDataCenterDistributed Active Archive Center)
(https://doi.org/10.5067/O57VAIT2AYYY)

VaughanDG et al 2013Observations: cryosphere climate change
2013 The Physical Science Basis. Contribution ofWorking
Group I to the 5th Assessment Report of the Intergovernmental
Panel on Climate Change ed et al (Cambridge: Cambridge
University Press) pp 319–82

WangC,GranskogM,Gerland S,Hudson SR, PerovichDK,
NicolausM,Karlsen T-I, FossanK andBratreinM2014
Autonomous observations of solar energy partitioning in
first-year sea ice in theArctic Basin J. Geophys. Res. Oceans
119 2066–80

WangC,GranskogM,Hudson SR, Gerland S, Pavlov AK,
PerovichDK andNicolausM2016Atmospheric conditions
in the central ArcticOcean through themelt seasons of 2012
and 2013: impact on surface conditions and solar energy
deposition into the ice-ocean system J. Geophys. Res. Atmos.
21 1043–58

WangXY,Guan L and Li L L 2018Comparison and validation of sea
ice concentration fromFY-3B/MWRI andAqua/AMSR-E
observations J. Remote Sens. 22 723–36 (in Chinese)

WebsterM,Gerland S,HollandM,Hunke E, KwokR, LecomteO,
MassomR, PerovichD and SturmM2018 Snow in the
changing sea-ice systemsNat. Clim. Change 8 946–53

WuS and Liu J 2018Comparison of Arctic sea ice concentration
datasetsHaiyang Xuebao 40 64–72 (in Chinese)

Zhang J, Lindsay R, Schweiger A andRigor I 2012Recent changes in
the dynamic properties of decliningArctic sea ice: amodel
studyGeophys. Res. Lett. 39 L20503

Zhang J andRothrockD2003Modeling global sea icewith a
thickness and enthalpy distributionmodel in generalized
curvilinear coordinatesMon.Weather Rev. 31 845–61

Zhang Z, BiH, SunK,HuangH, Liu Y andYan L 2017Arctic sea ice
volume export through the FramStrait from combined
satellite andmodel data: 1979–2012ActaOceanol. Sin. 36
44–55

ZygmuntowskaM,Khvorostovsky K,HelmV and Sandven S 2013
Waveform classification of airborne synthetic aperture radar
altimeter over Arctic sea iceCryosphere 7 1315–24

ZygmuntowskaM,Rampal P, IvanovaN and Smedsrud LH2014
Uncertainties in Arctic sea ice thickness and volume: new
estimates and implications for trendsCryosphere 8 705–20

13

Environ. Res. Lett. 14 (2019) 043002 SGerland et al

https://doi.org/10.5194/tc-12-2437-2018
https://doi.org/10.5194/tc-12-2437-2018
https://doi.org/10.5194/tc-12-2437-2018
https://doi.org/10.1038/s41467-018-03825-5
https://doi.org/10.5194/essd-5-311-2013
https://doi.org/10.5194/essd-5-311-2013
https://doi.org/10.5194/essd-5-311-2013
https://doi.org/10.1098/rsta.2014.0165
https://doi.org/10.3189/172756411795931516
https://doi.org/10.3189/172756411795931516
https://doi.org/10.3189/172756411795931516
https://doi.org/10.1002/2014GL060369
https://doi.org/10.1002/2014GL060369
https://doi.org/10.1002/2014GL060369
https://doi.org/10.1002/2014GL060369
https://doi.org/10.5194/tc-12-3017-2018
https://doi.org/10.5194/tc-12-3017-2018
https://doi.org/10.5194/tc-12-3017-2018
https://doi.org/10.5194/tc-8-1607-2014
https://doi.org/10.5194/tc-8-1607-2014
https://doi.org/10.5194/tc-8-1607-2014
https://doi.org/10.5194/tc-8-1607-2014
https://doi.org/10.5194/tc-11-1607-2017
https://doi.org/10.5194/tc-11-1607-2017
https://doi.org/10.5194/tc-11-1607-2017
https://doi.org/10.1002/2015GL064081
https://doi.org/10.1002/2015GL064081
https://doi.org/10.1002/2015GL064081
https://doi.org/10.1175/1520-0442(2000)013<0896:VISATO>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<0896:VISATO>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<0896:VISATO>2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013<0896:VISATO>2.0.CO;2
https://doi.org/10.1002/2017JC012865
https://doi.org/10.1002/2017JC012865
https://doi.org/10.1002/2017JC012865
https://doi.org/10.5194/tc-6-431-2012
https://doi.org/10.5194/tc-6-431-2012
https://doi.org/10.5194/tc-6-431-2012
https://doi.org/10.5194/tc-10-1415-2016
https://doi.org/10.5194/tc-10-1415-2016
https://doi.org/10.5194/tc-10-1415-2016
https://doi.org/10.1029/2011JC007084
https://doi.org/10.5194/tc-11-65-2017
https://doi.org/10.5194/tc-11-65-2017
https://doi.org/10.5194/tc-11-65-2017
https://doi.org/10.5194/tc-5-821-2011
https://doi.org/10.5194/tc-5-821-2011
https://doi.org/10.5194/tc-5-821-2011
https://doi.org/10.1029/2005JC003384
https://doi.org/10.1029/2009GL039591
https://doi.org/10.1088/1748-9326/aade56
https://doi.org/10.5194/tc-8-997-2014
https://doi.org/10.5194/tc-8-997-2014
https://doi.org/10.5194/tc-8-997-2014
https://doi.org/10.1016/j.asr.2015.07.009
https://doi.org/10.1016/j.asr.2015.07.009
https://doi.org/10.1016/j.asr.2015.07.009
https://doi.org/10.1038/ngeo2489
https://doi.org/10.1038/ngeo2489
https://doi.org/10.1038/ngeo2489
https://doi.org/10.1016/j.asr.2017.10.051
https://doi.org/10.1016/j.asr.2017.10.051
https://doi.org/10.1016/j.asr.2017.10.051
https://doi.org/10.5194/tc-10-2275-2016
https://doi.org/10.5194/tc-10-2275-2016
https://doi.org/10.5194/tc-10-2275-2016
https://doi.org/10.1016/j.pocean.2015.08.009
https://doi.org/10.1016/j.pocean.2015.08.009
https://doi.org/10.3390/rs8060457
https://doi.org/10.5067/O57VAIT2AYYY
https://doi.org/10.1002/2013JC009459
https://doi.org/10.1002/2013JC009459
https://doi.org/10.1002/2013JC009459
https://doi.org/10.1002/2015JD023712
https://doi.org/10.1002/2015JD023712
https://doi.org/10.1002/2015JD023712
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1038/s41558-018-0286-7
https://doi.org/10.1029/2012GL053545
https://doi.org/10.1175/1520-0493(2003)131<0845:MGSIWA>2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131<0845:MGSIWA>2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131<0845:MGSIWA>2.0.CO;2
https://doi.org/10.1007/s13131-017-0992-4
https://doi.org/10.1007/s13131-017-0992-4
https://doi.org/10.1007/s13131-017-0992-4
https://doi.org/10.1007/s13131-017-0992-4
https://doi.org/10.5194/tc-7-1315-2013
https://doi.org/10.5194/tc-7-1315-2013
https://doi.org/10.5194/tc-7-1315-2013
https://doi.org/10.5194/tc-8-705-2014
https://doi.org/10.5194/tc-8-705-2014
https://doi.org/10.5194/tc-8-705-2014

	1. Introduction and background
	2. Existing gaps and uncertainties
	2.1. Gaps in knowledge for sea ice concentration, extent and thickness
	2.2. Sea Ice concentration and extent uncertainty
	2.3. Sea ice thickness uncertainty
	2.4. Gaps in knowledge for sea-ice thermodynamics, age and dynamic processes
	2.5. Sea-ice thermodynamics, age and dynamic processes uncertainties
	2.6. Biological implications of changing sea ice; uncertainties and gaps in knowledge

	3. Changes of gaps over time
	4. Future, perspectives and strategies to reduce gaps
	Acknowledgments
	References



