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Abstract  Landfast sea ice (LFSI) is a critical component of the Arctic sea ice cover, and is changing as a result of Arctic 

amplification of climate change. Located in coastal areas, LFSI is of great significance to the physical and ecological systems of 

the Arctic shelf and in local indigenous communities. We present an overview of the physics of Arctic LFSI and the associated 

implications on the cryosphere. LFSI is kept in place by four fasten mechanisms. The evolution of LFSI is mostly determined by 

thermodynamic processes, and can therefore be used as an indicator of local climate change. We also present the dynamic 

processes that are active prior to the formation of LFSI, and those that are involved in LFSI freeze-up and breakup. Season 

length, thickness and extent of Arctic LFSI are decreasing and showing different trends in different seas, and therefore, causing 

environmental and climatic impacts. An improved coordination of Arctic LFSI observation is needed with a unified and 

systematic observation network supported by cooperation between scientists and indigenous communities, as well as a better 

application of remote sensing data to acquire detailed LFSI cryosphere physical parameters, hence revolving both its annual 

cycle and long-term changes. Integrated investigations combining in situ measurements, satellite remote sensing and numerical 

modeling are needed to improve our understanding of the physical mechanisms of LFSI seasonal changes and their impacts on 

the environment and climate. 
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1  Introduction 

Climate change severely impacted the Arctic Ocean and is 
amplified over the Arctic; Arctic surface temperature has 
increased over twice the global average (Meredith et al., 
2019). Arctic sea ice extent has been decreasing 
dramatically in summer (Peng et al., 2018), and is becoming 
thinner and younger (Kwok, 2018; Onarheim et al., 2018).  
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Landfast sea ice (LFSI) is the sea ice that forms and 
remains fast along the coast, where it is attached to the 
shore, to an ice wall, to an ice front, between shoals or 
grounded icebergs. (WMO, 2014). Unlike drift ice, LFSI 
does not move with currents and winds. Though accurate in 
definition, it does not explicitly state the length of time for 
which ice must remain stationary before it is classed as 
‘fast’. This is because, in many regions, LFSI breaks off 
from the shore and reforms several times each season 
(Massom et al., 2009). For the Arctic, Mahoney et al. (2005) 
defined LFSI as sea ice that is contiguous with the land and 
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that has remained stationary for at least 20 d. This duration 
is sufficient to preclude transient events such as drift ice 
being temporarily driven shoreward by oceanic or 
atmospheric forcing (Fraser, 2012). 

In the Arctic Ocean, the maximum LFSI extent is   
1.8×106 km2 in winter (Yu et al., 2014), and accounts for 
approximately 13% of the surface area covered by sea ice in 
the Northern Hemisphere (Karvonen, 2018). LFSI appears 
repeatedly at the same locations at the same times of the 
year (Mahoney et al., 2018). It can move vertically due to 
tides or wind-driven sea level variations.  

The local spatial distribution of LFSI is different in 
different coastal areas of the Arctic Ocean. The extent of 
LFSI, i.e., the distance from shoreline to the LFSI edge 
varies from several kilometers to several hundred 
kilometers, and depends largely on local bathymetry, slope 
of the continental shelf, and the topography of outlying 
islands (Leppäranta, 2011). Figure 1 shows LFSI 
distribution in the Arctic Ocean in April. The largest LFSI 
coverage is found in the Russian Arctic, including the 

Kara, Laptev, and East Siberian seas, with winter LFSI 
edge extending to 300–500 km from the shore 
(Selyuzhenok et al., 2017). In the Chukchi and Beaufort 
seas, the typical LFSI extent is below 50 km associated 
with the relatively narrow shelf (Mahoney et al., 2014). In 
the Canadian Arctic Archipelago (CAA), LFSI fills the 
channels and straits, and favors the formation of ice 
bridges (Yu et al., 2014). Because of grounded icebergs 
and sea ice ridges on shallow shoals and banks, LFSI 
extent along the northeast coast of Greenland can reach up 
to 100 km (Hughes et al., 2011). Arctic LFSI is generally 
seasonal. It forms in autumn, reaches maximum extent in 
winter or spring, and decays from spring to summer. At 
maximum LFSI extent in winter, the ice edge is generally 
located between the 15 and 30 m isobaths (Divine et al., 
2004; Mahoney et al., 2007; Selyuzhenok et al., 2015). 
Only in some locations in the CAA and sometimes in the 
Taymyr Peninsular region in Siberia, LFSI can survive 
through the summer because of geomorphological 
limitations. 

 
Figure 1  Distributions of different sea ice types in the Arctic Ocean. LFSI extent was derived from National Ice Center (NIC), USA, ice 
charts for the period of 1976–2018 (Li et al., 2020). Multiyear ice coverage (yellow), concentrated ice zone (blue) and marginal ice zone 
(light blue) are derived from National Snow and Ice Data Center (NSIDC), USA, ice concentration data for 1979–2011 (Strong and Rigor, 
2013). Purple line represents the 1981–2010 average extent in September (acquired from NSIDC Sea Ice Index). Green dots are Russia 
LFSI stations (Kigilyakh, Ayon, Chelyuskin and Sannikova station). 

Exchanges of material, energy and momentum 
between the atmosphere and the ocean are blocked by LFSI 
but can occur across coastal polynyas and flaw leads, which 
are often present at the LFSI edge. As a result, LFSI, 

polynyas, and leads strongly influence regional ocean–ice– 
atmosphere interactions (Morales Maqueda, 2004; Fraser et 
al., 2019). In estuaries, large amounts of freshwater 
discharge affect LFSI formation; in the meantime, the 
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freezing-melting processes of LFSI affects local freshwater 
cycle and halocline stability owing to its large fresh water 
storage (Eicken et al., 2005; Itkin et al., 2015). Furthermore, 
fragmentation and subsequent northward advection of LFSI 
floes transport shelf-derived terrigenous materials into the 
deep basin, and even out of the Arctic Ocean (e.g., 
Krumpen et al., 2020). Fast ice plays an important role in 
the physics of the cryosphere but has yet to be integrated 
into global climate models. 

Fast ice acts as a buffer zone and protects the coast 
from erosion by wave or drift ice (Rachold et al., 2000). 
Openings within the LFSI zone, e.g., cracks or leads, can be 
used by polar bears and seals to breed and feed, and can 
also be important habitats for birds, large vertebrates and 
microorganisms (Bluhm and Gradinger, 2008; Kooyman 
and Ponganis, 2014; Stauffer et al., 2014). Hence, LFSI is 
also a platform used by indigenous communities for fishing 
activities. Natural resources exploration is taking place in 
shallow coastal zones such as the Mackenzie Delta; 
construction of pipelines could promote local economic 
development (Solomon et al., 2008; Eicken et al., 2009). 
Fast ice also hinders the navigation of Arctic sea routes. The 
feasibility of Arctic shipping depends on the timing of LFSI 
breakup in key channels (Lei et al., 2015). Therefore, 
understanding of the annual cycle of LFSI is crucial for 
both scientific and economic purposes. 

The number of LFSI studies has increased over the last 
two decades. These studies have focused on in situ and 
remote sensing observations, seasonality, interannual 
variability, thermodynamic and dynamic processes, and 
interactions with climate and ecosystems. In this paper, we 
provide an overview of the general features of Arctic LFSI, 
including spatiotemporal distribution, variations, key 
physical processes, and environmental implications. We 
summarize the results of the latest research on LFSI and 
propose future directions to promote LFSI research and 
improve our understanding of the role of Arctic LFSI in the 
climate system. 

2  Characteristics of LFSI  

2.1  Fasten mechanisms 

Immobility is a fundamental characteristic of LFSI, which 
distinguishes LFSI from drift ice. Fast ice often appears 
repeatedly at the same locations at the same times of the 
year (Mahoney et al., 2018).  LFSI is generally a level and 
undeformed sea ice field adjoint with the shoreline. It either 
can grow outward from the shore or can be formed by the 
ice drifted to the shore. LFSI extent depends mainly on ice 
thickness, bathymetry and shoreline geometry. The four 
fasten mechanisms that anchor and stabilize (Figure 2) LFSI 
are summarized below.  

(1) Bottom-fast ice grows in very shallow coastal 
zones with water depths of less than 2 m; it forms and 

thickens until it touches the seabed (Figure 2a) (Solomen et 
al., 2008). Its winter extent is in the order of kilometers. It is 
the most stable type of LFSI (Dammann et al., 2016). 
Unlike floating fast ice, bottom-fast ice does not oscillate 
with tides (Reimnitz, 2000). Tidal cracks may form at the 
boundary between the grounded and floating LFSI (Hui et 
al., 2016).  

(2) Fast ice can also be stabilized by anchor points, 
such as islands, grounded ridges or icebergs (Figure 2b). Ice 
forms between anchor points that are close together and 
extends offshore. The minimum distance between anchor 
points required for LFSI to fasten depends on ice thickness. 
In some cases, grounded icebergs allow LFSI to extend into 
deep waters (Massom et al., 2003; Leppäranta, 2011). The 
ice can also be grounded and form stamukhi, especially at 
the LFSI edge. 

(3) Fast ice can also be held in place by static arching 
of the ice between islands (Figure 2c; Olason, 2016). This 
mechanism is generally observed in narrow channels or 
straits, such as the tidal channel of Simpson Lagoon 
(Reimnitz, 2000). Goldstein et al. (2004) reported that the 
LFSI boundary in the Baltic Sea was formed of piecewise 
curved sections, or arches. Dumont et al. (2009) 
demonstrated the role of arching in the formation of an ice 
bridge in Nares Strait. Arch-like shapes have also been 
observed in the LFSI zone in the Laptev Sea (Haas et al., 
2005; Selyuzhenok et al., 2015).  

(4) Fast ice can be fastened to the upstream side of 
coastal protrusions (Fraser et al., 2012). The protrusions can 
be coastal promontories, islands, ice tongues or large 
tabular grounded icebergs. Newly formed ice is advected by 
coastal currents and blocked by the protrusions; this ice 
accumulates and attaches to the shore of the upstream side 
of the protrusion (Figure 2d). 

2.2  Mass balance  

LFSI mass balance is a fundamental research topic, and has 
been studied extensively in in situ observation and 
modeling studies. 

2.2.1  Observations 

Systematic long-term observations of LFSI thickness began 
in the Russian Arctic in the 1930s (Polyakov et al., 2003) and 
in the CAA in the 1950s (Brown and Cote, 1992; Howell et 
al., 2016). These observations were collected mostly by 
drilling through the ice at fixed stations. These data provide 
information on the seasonal evolution of ice thickness  
(Figure 3); ice growth rate, melt onset and evolution, and 
number of ice-free days can be derived and used to validate 
numerical models to study ice surface and bottom mass and 
energy balances. Figure 3 shows results from measurements 
that were made every 10 d. Autonomous measurement 
systems, e.g., ice mass balance buoys (IMBs), can also 
provide information on the seasonal evolution of LFSI with 
high temporal resolution (e.g., Wang et al, 2020). 
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Figure 2  Schematic diagram showing how LFSI is fastened. a, bottom-fast ice; b, LFSI stabilized by anchor points; c, arching 
mechanism; d, advective regime. 

 
Figure 3  LFSI thickness observations at four stations (Kigilyakh, Ayon, Chelyuskin and Sannikova stations) along the coast of Russian 
Arctic in the past 20 years (see Figure 1 for positions). 

In recent decades, many methods have been developed 
for the measurement of sea ice thickness, such as acoustic 
altimetry, IMBs, electromagnetic (EM) sounding, and 
satellite radar and laser altimetry. These approaches have 
been used to measure LFSI thickness as well. Fast ice 
thickness has been measured using downward-looking and 
upward-looking acoustic altimeters at Barrow, Alaska 
(Jones, 2016). Downward-looking altimeters above ice 
measure the freeboard of the snow or ice surface; 
upward-looking altimeter below ice measure ice draft; snow 
depth and ice thickness can be derived from the combined 
data. In addition to ice thickness, the IMB also measures the 
vertical profile of air, snow, ice, and upper ocean 
temperatures; from these measurements, information on the 
changes in the heat content of the snow-covered ice layer in 
response to atmospheric or oceanic heat sinks or sources 
can be derived for studies of LFSI thermodynamics (e.g., 
Wang et al., 2020). The EM system is towed below an 
aircraft and measures total snow and ice thickness (Haas et 
al., 2009). It has been used to measure the thickness of LFSI 

in the Laptev Sea (Selyuzhenok, 2017) and off the northeast 
coast of Greenland (Wang et al., 2020). Long-term LFSI 
thickness has been retrieved from satellite data (e.g., Yu et 
al., 2014; Li et al., 2020). Using Cryosat-2 monthly Arctic 
sea ice thickness product, Li et al. (2020) estimated the 
interannual changes of LFSI between 2010 and 2018.  

Outlying islands and a shallow ocean floor provide 
anchors for LFSI to stay in place and expand. As a result, 
the largest LFSI extents are found in these areas, e.g., in the 
coastal regions of Russia and the CAA. Over one third of 
the surface area of Arctic LFSI (6.6×105 km2) is in the East 
Siberian, Laptev and Kara seas; here, the LFSI edge can 
extend up to 300 km offshore. Another third of the Arctic 
LFSI (5.4×105 km2) is in the CAA (Yu et al., 2014; 
Mahoney, 2018; Li et al., 2020); here, LFSI forms 
nearshore initially, especially in the bays, channels, and 
shallow water around deltas or in other sheltered areas. Fast 
ice expands as a result of local thermal growth or formation 
of new ice drifted onshore. LFSI breakup occurs throughout 
the entire life cycle but mostly at the early formation and 
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late melting periods when the ice is thin or weak. Breakup 
may also happen in thick ice at the LFSI edge because of 
interactions with drift ice.  

The remaining third of Arctic LFSI is spread along 
coasts with steep slopes and deep water that typically 
extend less than 50 km from the coast, e.g., the Chukchi and 
Beaufort seas (Mahoney, 2018). These coastlines are mostly 
open. Unlike the LFSI in shallow and sheltered shelves, 
LFSI in deep water largely forms through an accretionary 
process; ice formed elsewhere is transported into the coastal 
regions and becomes attached to the shoreline or seaward 
edge of existing LFSI (Reimnitz et al., 1978; Mahoney et al., 
2007). 

2.2.2  Thermodynamic models 

Analytical models are a simple but valuable tool for the 
study of LFSI thermodynamics. Because of its simplified 
input and operation requirements, it can be easily used for 
auxiliary decision-making and interdisciplinary research 
related to LFSI. Leppäranta (1993) provides a clear 
overview of the elements of analytical sea ice 
thermodynamic models. First order LFSI growth is 
commonly estimated using the Stefan–Zubov’s law (e.g., 
Yang et al., 2015), which assumes that the heat released 
from bottom ice growth is conducted to the ice surface 
following a constant temperature gradient and from the ice 
surface to the air following a fixed heat transfer coefficient; 
solar radiation, oceanic heat flux, and the influence of the 
snow cover are omitted. The ice thickness (hi) is calculated 
as follows: 
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FDD is the accumulated freezing degree-days, Tf and    

sfcT  are the freezing point of sea water and sea surface air 

temperature, respectively. h0 is the initial ice thickness, h is 
ice–air heat transfer buffering thickness, t is time, and i , 

iL  and ik  are ice density, latent heat of fusion and 

thermal conductivity of ice, respectively. This model can be 
modified to include approximations of the influences of the 
oceanic heat flux and the snow cover (e.g., Lei et al., 2010). 

Seasonal evolution of LFSI, especially the evolution of 
ice mass balance and snow–ice interactions, is mainly 
controlled by thermodynamic processes and can be fully 
described by numerical modeling (Maykut and Untersteiner, 
1971; Flato and Brown, 1996; Cheng and Launiainen, 1998; 
Launiainen and Cheng, 1998; Shirasawa et al., 2006; 
Selyuzhenok et al., 2015). Figure 4 shows a schema of the 

thermodynamic processes of LFSI. Ice mass balance is a 
result of the heat exchanges at the top and bottom 
boundaries. Fast ice thermodynamics are determined by 
atmospheric forcing (wind speed, air temperature, moisture, 
precipitation, and radiative fluxes), oceanic heat flux, and 
the physical properties of snow and sea ice (surface albedo, 
density, and heat conductivity). The surface heat balance 
over the ice can be given as: 
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where sQ  represents the solar radiation,  is albedo of 

sea ice, I(z) is the solar radiation penetrating below the 
surface snow/ice layer, dQ  and bQ  are incoming and 

outgoing longwave radiations, respectively, hQ  and leQ  

are the sensible and latent heat fluxes, respectively, Fc is the 
conductive heat flux from below the surface, Fm represents 
surface melting. The surface temperature sfcT  can be 

derived from this equation.  

 
Figure 4  Schematically illustration of thermodynamic processes 
of LFSI in the vertical direction.   

The snow and ice temperatures can be derived from 
the heat conduction equation: 
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where the subscripts s and i denote snow and ice, 
respectively, T is the temperature, t is time, and z is the 
vertical coordinate below the surface, ρ is density, c is 
specific heat, k is the thermal conductivity, and q(z, t) is the 
absorbed solar radiation. 

Because of the difference between snow (ks) and ice (ki) 
conductivities, heat conduction changes at the snow–ice 
interface, but the conductive heat flux between the snow 
and ice layers is continuous: 

   s s i i/ /k T z k T z     ,            (6) 

Freezing or melting at the bottom of the ice is 

determined by heat conduction i
c i

T
Q k

z

    
 and heat 

flux from the ocean (Fw): 
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Interaction between the snow and ice are not only 
limited to the heat conduction but also the phase 
transformation of snow to ice. In early winter when ice was 
thin, a heavy snow layer on top of the ice or local ice 
depression due to deformation may push the ice layer below 
ocean water surface and subsequently causing sea water 
flooding of the ice surface to form slush. A salty slush layer 
may freeze above the original ice cover to form snow ice 
(Leppäranta, 1983). Slush and snow ice may also form as a 
result of brine siphonage (Nicolaus et al., 2003). During the 
melt season, snow meltwater or rain may percolate 
downwards and refreeze above the original ice surface to 
form a layer of fresh meteoric ice defined as superimposed 
ice (Kawamura et al., 1997; Haas et al., 2001). These 
processes need to be included into LFSI thermodynamic 
models (Cheng et al., 2003; 2013) because snow ice and 
superimposed ice may be present in Arctic LFSI (Nicolaus 
et al., 2003, Wang et al., 2015). Snowmelt is also the main 
source of meltwater for melt ponds over LFSI, and the 
evolution of melt pond mainlyly relies on the roughness of 

the snow or sea ice surface (Eicken et al., 2004; Grenfell 
and Perovich, 2004). In late spring, rain-on-snow events can 
accelerate the surface ablation of sea ice, thus greatly 
influencing the ice–albedo feedback (Dou et al., 2019, 
2021). Observations of LFSI in Barrow, Alaska show that 
the reflection of LFSI decreased dramatically from 0.206 
(close to bare ice) at the beginning of melt pond formation 
to 0.04 (close to seawater) when melt pond depth reached 
10 cm (An et al., 2017). Thus, the timing of rain-on-snow 
events or seasonal change in the phase of precipitation from 
solid to liquid can be used as a reliable indicator to predict 
LFSI melt and breakup. 

Most studies of Arctic LFSI have focused on the snow 
and ice mass balance using observations and models. Snow 
depth and LFSI thickness can be adequately estimated by 
numerical models (Flato and Brown, 1996; Cheng et al., 
2013; Yang et al., 2015) because the seasonal changes in 
snow and LFSI thickness are mainly driven by 
thermodynamic processes (Yu et al., 2014). Figure 5 shows 
the simulated evolution of LFSI from a model that 
simulates the thermodynamic growth and decay of LFSI 
using meteorological parameters as inputs.  

 
Figure 5  Modeled LFSI thickness and snow depth for year 2011/2012 at Kotelny Island, East Siberian Sea. 

 
Because of the harsh polar environment, collection of 

in situ sea ice data remains a challenge. Therefore, remote 
sensing data have been used to study the features of Arctic 
sea ice, especially over large scales. However, the accuracy 
of LFSI thickness retrieved from remote sensing data is low. 
Thermodynamic modeling can be used to fill the gaps in 
remote sensing data. The seasonal cycle of ice mass balance 
and some dynamic feature of LFSI can be studied by 
combining remote sensing data and thermodynamic 
modeling (e.g., Zhai et al., 2021). 

3  Dynamics of LFSI 

3.1  Dynamic features of LFSI 

The initial formation of LFSI involves many oceanic 
dynamic processes, such as the cooling and mixing of 
coastal seawater. Once the LFSI is formed and consolidated, 

there is little horizontal motion in most of the ice. However, 
occasional displacements occur because of various dynamic 
processes (Figure 6). At the LFSI edge, interactions with 
drift ice floes can result in dynamic processes, such as 
ridging, rafting, fracturing, and shearing in the outer zone. 
In the melt season, the contact between the LFSI and the 
coast loosens and allows more ice motion. In addition, 
waves penetrating the LFSI zone may break the ice, even 
generating a drift-ice-like ice floe field (Petrich et al., 2012). 
In shallow water, ice ridges can ground to form stamukhi, 
which can shield and reinforce the expansion of the LFSI 
(Fraser et al., 2012).  

3.2  Methods used to investigate LFSI dynamics 

Landfast ice dynamics have been studied using professional 
camera or webcam systems and land-based marine radars. 
At Barrow, Alaska, a webcam was used to record sea ice 
conditions during the melt season (Petrich et al., 2012). 
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Low visibility and frost on the camera lens are the major 
technical bottlenecks, which can be overcome by the use of 

 

 
Figure 6  Schematic illustration of various dynamics processes of 
the LFSI. Red arrows show the possible dynamic processes, i.e., 
shearing, fracturing, compacting/collision at the LFSI edge. 
Grounding of ridges can occur. The LFSI can be affected by 
various oceanic dynamical forces, such as waves propagation, 
tides, and currents.  Thermal cracks jointly with tidal cracks can 
form close to the shore. 

a land-based marine radar. Various parameters, including ice 
extent, surface morphological features, and potential 
displacement of LFSI can be derived from the  

backscattering of radar signals from the sea ice surface 
(Jones, 2016). For example, it is possible to identify 
grounded ridges, LFSI edge, and melt ponds in both marine 
radar images and camera images that were captured under 
good weather conditions. The camera has a higher spatial 
resolution and the marine radar has a higher spatial 
coverage. They can be used together to monitor LFSI 
development and evolution and nearshore sea ice dynamics. 

Satellite images are widely used to detect LFSI 
dynamics along the Arctic coast. Fast ice edges are clearly 
visible from SAR imagery, e.g., Envisat (ASAR) and 
Sentinel-1 SAR imagery, during the cold season and under 
all weather conditions (Meyer et al., 2011; Mahoney et al., 
2014). They are also visible from optical imagery, e.g., 
Aqua/Terra (MODIS) and Landsat-8, during the seasons 
with sun and under clear skies (Fraser et al., 2010). In 
recent years, SAR interferometry (InSAR) has been used to 
evaluate LFSI stability (Dammert et al., 1998; Marbouti et 
al., 2017; Dammann et al., 2019) and deformation 
(divergence, rotation and shear) (Dammann et al., 2016). 
Furthermore, fasten mechanisms, such as grounded ridges 
(Figure 7d) or bottom-fast ice can be identified using 
InSAR technique (Dammann et al., 2018). Figure 7 shows a 
few examples of LFSI dynamics. Ridges, flaw leads, LFSI  

 
Figure 7  Satellite images showing LFSI features and stability. a, Envisat ASAR image showing LFSI features – ice types, leads and 
ridges (Zhai et al., 2021); b, MODIS image showing clearly the LFSI and river outflow in high Arctic Russia coast during early summer;  
c, Landsat-8 image showing tidal cracks in LFSI (Hui et al., 2016); d, Interferometric phase fringes from Sentinel-1 images showing small 
deformation of LFSI and identifying its stability. 



288 Zhai M X, et al. Adv Polar Sci December (2021) Vol. 32 No. 4 

 

and drift ice can be clearly seen (Figures 7a, 7b and 7c). 
Tidal cracks can be identified in Figure 7c. Fringes in the 
interferometry image derived from consecutive Sentinel 
SAR images can be used to assess LFSI stability. 

Fast ice dynamics have also been studied using models. 
König Beatty and Holland (2010) simulated LFSI in the 
Kara Sea by adding tensile strength to two versions of the 
elastic–viscous–plastic sea ice rheology as well as to the 
viscous–plastic rheology; only idealized one-dimensional 
cases were examined. Olason (2016) used a maximum 
viscosity that was above the standard value and a solver for 
the momentum equation to solve for small ice velocities. 
Using a parametrization that involved bathymetry, LFSI 
thickness and the mechanism of ice anchoring, Lemieux et 
al. (2015) introduced grounded ridges into a classical sea 
ice model. To model the LFSI in the Siberian Seas, Itkin et 
al. (2015) designed a parameterization based on König 
Beatty and Holland (2010) to take into account tensile 
strength and water depth.  

3.3  Freeze-up 

The beginning of the LFSI season is controlled by both 
thermodynamic and mechanical processes (Leppäranta, 
2013; Selyuzhenok et al., 2015). Dynamic processes, such 

as ice rafting, ridging, and piling up may take place prior 
to ice consolidation. Using consecutive remote sensing 
images and thermodynamic modeling, Zhai et al. (2021) 
examined the LFSI in the East Siberian Sea; Figure 8 
shows successive ASAR images of LFSI during the 
freezing season along the northwest coast of Kotelny 
Island in the East Siberian Sea; the newly formed ice   
(20 October, 2 and 4 November in Figure 8) is unstable. 
Results from the thermodynamic model suggest that 
stabilization begins when level ice thickness reaches 0.3 m; 
ASAR images show that stabilization occurs when ice 
thickness reaches 0.3–0.6 m (11, 15 and 24 November in 
Figure 8). When ice thickness exceeds 0.6 m, the ice 
becomes stable and immobile, and cannot be easily 
destroyed by winds or tides. Karklin et al. (2013) used an 
ice thickness of 0.05–0.1 m to denote the onset of LFSI 
formation in the Laptev Sea. This definition is different 
from that used at regional or the pan-Arctic scales. The 
onset of LFSI formation on a large scale is generally 
defined by a threshold of LFSI area (Yu et al., 2014; 
Selyuzhenok et al., 2015) or width (Mahoney et al., 2014). 
However, application of these thresholds is limited 
because revisit times preclude the use of consecutive 
satellite images. 

 
Figure 8  Envisat ASAR imagery showing LFSI freeze-up process. Images are acquired from 20 October to 24 November for ice season 
2007/2008 northwest coast of Kotelny Island, East Siberian Sea. 

3.4  Breakup 

Melting and dynamic fracturing are the main mechanisms 
resulting in LFSI breakup. In the satellite image in Figure 9, 
dynamic fracturing can be clearly seen near the LFSI edge 
(left panel), whereas melting occurred throughout the whole 
LFSI area (right panel).  

The relative dominance of dynamic and thermodynamic 

processes varies with location. In the Laptev Sea, the LFSI 
cover thins by melting until it detaches from the coast and is 
disintegrated by winds, currents, or waves (Petrich et al., 
2012). In the CAA region, the LFSI is confined by islands. 
Therefore, breakup is dominated by melting (Melling, 
2002), and results in a relatively consistent breakup onset 
time each year (Galley et al., 2012). In the Chukchi Sea, the 
LFSI is located along the coastline and is unrestricted by 
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Figure 9  MODIS images showing LFSI fracturing dominated breakup (a, from northwest coast of Kotelny Island, East Siberian Sea) and 
melting dominated breakup (b, at the Chaunskaya Bay, East Siberian Sea).  

islands; there is a correlation between breakup onset and the 
cumulative amount of solar radiation absorbed by the 
surface (Petrich et al., 2012). However, for firmly anchored 
LFSI (Figure 2b), breakup onset is more likely to be 
controlled by the occurrence of strong winds or currents and 
changes in local sea level (Divine et al., 2004; Mahoney et 
al., 2007; Jones et al., 2016). Near major rivers, the breakup 
of LFSI can be triggered by spring river discharge (Divine 
et al., 2003). For LFSI in estuaries, river outflow brings 
freshwater that influences the halocline and results in early 
spring melt (Selyuzhenok et al., 2015). 

4  Spatial and temporal distributions 
of LFSI 

Although LFSI is largely immobile, the atmosphere and 
ocean can still cause large spatial, temporal and regional 
variations of Arctic LFSI.  

4.1  Extent 

Fast ice extent has been changing at different rates across 
the Arctic. The ice charts from the Arctic and Antarctic 
Research Institute (AARI) in Russia show no consistent 
trend in maximum LFSI extent in the Laptev Sea between 
1999 and 2013 (Selyuzhenok et al., 2015). However, sea ice 
charts and satellite images show that LFSI extent in the 
Kara Sea has decreased by approximately 12% between 
1953 and 1990 (Divine et al., 2003). The largest decrease in 
LFSI extent is found in the northern waters of the CAA 
between 1976 and 2007 (Yu et al., 2014). In the Chukchi 
Sea, the annual maximum width of LFSI has reduced by an 
average of 13 km (approximately 50%) between 1973–1976 
(Stringer, 1978) and 1996–2008 (Mahoney et al., 2014). 
However, there has been little variation in the annual 
maximum width of the LFSI in the Beaufort Sea between 
1973–1976 and 1996–2008. Using seasonal average LFSI 
extent data between January and May from the NIC weekly 

ice charts, Yu et al. (2014) found that overall Arctic LFSI 
extent decreased between 1976 and 2007 at a rate of 
(12.3±2.8)×103 km2·a−1 (7% per year). Between 1976 and 
2018, LFSI extent decreased at an average rate of (1.1± 
0.5)×104 km2·a−1 (10.5% per decade), while all Arctic sea 
ice decreased at a rate of (6.0± 2.4)×104 km2·a−1 (5.2% per 
decade) (Li et al., 2020). 

4.2  Thickness 

First year Arctic sea ice can grow thermodynamically to a 
thickness of approximately 2 m (Leppäranta, 1993). As a 
rule of thumb, this is the case for Arctic LFSI. However, 
LFSI has been thinning over the past decades because of 
climate change. Polyakov et al. (2012) reported that the 
LFSI thickness on the Siberian coast has decreased by 
approximately 0.3 m since the 1990s. Between 1936 and 
2000, LFSI thickness decreased at an average rate of 
approximately 1 cm·(10 a)−1 (Polyakov, 2003). The highest 
rate of LFSI thickness decrease between 1976 and 2018 is 
found in the northern CAA; ice thickness, which often 
exceeds 2.5 m, decreased by 0.1 m·a−1 (Li et al., 2020). 
According to Howell et al. (2016), the maximum LFSI 
thickness has reduced by about 0.25 m (approximately 10%) 
in most areas of the CAA. In the Chukchi Sea, the annual 
maximum LFSI thickness around Utqiaġvik, Alaska 
decreased by approximately 0.30 m between 2000 and 2016 
(Eicken et al., 2012). Between 1966 and 2007, LFSI 
thickness at Hopen in the Barents Sea decreased at a rate of 
1 cm·a−1 (Gerland et al., 2008).  

4.3  Season length 

The majority of Arctic LFSI is seasonal ice. The annual 
length of the LFSI season is 7–9 months. In some locations, 
e.g., in the CAA, the LFSI can survive for a few years. 
However, similar to the season length of all Arctic sea ice, 
the season length of LFSI has also decreased considerably. 
Selyuzhenok et al. (2015) examined AARI ice charts 
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between 1999 and 2013 and reported a decrease of 
approximately 3 d·a−1 in the season length of LFSI in the 
Laptev Sea and a decrease of up to 7 weeks per decade in 
the southeastern Laptev Sea. The LFSI season has become 
shorter in all parts of the CAA (Galley et al., 2012). 
Canadian Ice Service (CIS) charts  between 1980 and 2009 
show that the season length of Arctic LFSI decreased by 
1–3 weeks per decade in most regions. The decrease rate 
was 2–5 weeks per decade in the Viscount Melville Sound, 
the western part of M’Clure Strait and the Gulf of Boothia, 
and 7–10 weeks per decade in the northern Queen Elizabeth 
Islands, the Robeson Channel, and the northeastern part of 
Smith Sound. Between 1973–1977 (Barry et al., 1979) and 
1996–2008 (Mahoney et al., 2014), LFSI season length in 
the western Beaufort Sea and the Chukchi Sea decreased by 
53 d (~2 d·a−1) and 38 d (~1.4 d·a−1), respectively. The 
reduced length of the LFSI season is also likely to be a 
strong driver for the reduced LFSI thickness at the end of 
winter.  

5  Environmental impacts 

In the shallow waters of the East Siberian shelf, methane 
released from the coastal permafrost below seabed rises to 
the surface and enters the atmosphere (Shakhova et al., 
2015) or is transported to the central Arctic Ocean by the 
transpolar current (Damm et al., 2018). The growth and 
ablation of LFSI along the coast affect local freshwater 
circulation and the stability of the halocline (Eicken et al., 
2005; Itkin et al., 2015). The decrease of LFSI thickness 
and the advance of spring melting increase the 
accumulation of solar shortwave radiation in the ocean. 
Consequently, higher summer water temperature promotes 
the melting of seabed permafrost and release of methane 
and delays LFSI freeze-up in autumn. In spring, polynyas 
and leads may promote sea ice retreat by enhancing the 
positive ice–albedo feedback and the dynamic breakup of 
sea ice. The rapid retreat of drift ice northward in the early 
summer may increase cyclone activity (Kapsch et al., 2019), 
enhance wave and/or swell, increase dynamic forcing, and 
cause rapid fragmentation of the LFSI.  

There have been studies of Arctic LFSI focusing on the 
associated environmental implications and on the 
cryosphere. Arctic warming and sea ice retreat of LFSI 
trigger coastal erosion. Thinner LFSI can increase the 
accumulation of solar radiation in the ocean and favor local 
climates that contribute to further Arctic warming. 
Moreover, early melting of sea ice favors phytoplankton 
growth, which leads to earlier algae blooms (Kahru et al., 
2016). Local human communities need to adapt their ways 
of life because the ice cover has become less safe as a 
platform. Climate models also need to take LFSI into 
consideration. Landfast ice breakup and the subsequent ice 
drift along the coast remain to be investigated. Terrestrial 
particles can be transported by fragments of former LFSI 

away from the coast. Broken ice floes and icebergs are 
potential hazards for coastal shipping. The extent and 
duration of the contact between grounded LFSI and the 
sediment bed determine the total winter heat loss from the 
ground and the spatial distribution and depth of seasonal 
frost (Stevens et al., 2010).  

Dmitrenko et al. (2010) and Qin et al. (2019) reported 
that the LFSI in the coastal areas of the Laptev and the East 
Siberian seas are closely associated with river runoff. Late 
autumn runoff alters the salinity of coastal water and 
changes the freezing temperature (Eicken et al., 2005). 
Winter runoff has the potential to shape and modify the 
LFSI edge (Dmitrenko et al., 1999). Spring runoff enhances 
LFSI breakup (Bareiss et al., 1999). 

Fast ice is a stable platform. Local communities 
benefit from ice roads built on fast ice. These roads can be 
used for commercial transportation and recreational 
activities such as skiing and ice fishing. Various countries 
have developed LFSI information services. The CIS 
produces ice charts and remote sensing products for the 
CAA region (Trishchenko and Luo, 2021). Others include 
the BALFI system (Mäkynen et al., 2020) for Baltic Sea 
and Fast Ice Prediction System (FIPS) for Prydz Bay, East 
Antarctica (Zhao et al., 2020). 

6  Conclusions and perspectives 

In this paper, we reviewed the physics of Arctic LFSI and 
associated implications on the cryosphere. Arctic LFSI 
varies with the location. Around southeast Greenland and 
Svalbard and along the Barents Sea coast, the LFSI season 
is relatively short and annual maximum ice thickness 
remains below 1 m. In the coastal regions between the Kara 
and the East Siberian seas, the LFSI season is relatively 
long and annual maximum ice thickness and extent are large. 
In the coastal regions between the Chukchi and Beaufort 
seas, the LFSI is similar to that in the second category but 
has a smaller annual maximum extent because of the 
narrow continental shelf. In the straits around the CAA and 
northern Greenland, the LFSI is subject to weak dynamic 
influence; its season length is potentially the longest. 

Many studies have suggested that, consistent with the 
trends of all Arctic sea ice, the season length, thickness and 
extent of Arctic LFSI are decreasing. Declines in extent and 
thickness in LFSI are smaller than those in all Arctic sea ice. 
These results suggest that decline in Arctic sea ice is mostly 
occurring in the drift ice zone. However, the relative extent 
loss (i.e., the ratio between decrease in extent and total 
extent) in the LFSI zone is larger than that of all Arctic sea 
ice. These results indicate that the LFSI zone may be 
ice-free for longer durations in the future. 

To improve our understanding of LFSI, both in situ 
observations and modeling studies are needed. Enhanced 
field research efforts will improve our scientific 
understanding and also allow local communities to better 
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identify vulnerabilities and develop adaptation plans (Furgal 
and Seguin, 2006). Local changes in LFSI have been 
recorded by different local communities over generations. 
Because languages and methodologies differ between 
communities these historical records need to be 
standardized. They can be valuable to the operators of 
nearshore oil and gas platforms in the Arctic (Dammann et 
al., 2018). Landfast ice connects the Arctic terrestrial, 
marine and atmospheric environments. Field studies of 
LFSI can improve our understanding of the environmental 
interactions across various spheres in a changing Arctic. 
Observations of LFSI at the seasonal and interannual scales 
have been crucial to LFSI model development (Lemieux et 
al., 2015; Olason, 2016). 

To meet future needs, a monitoring strategy similar to 
the one proposed for Antarctic LFSI (Heil et al., 2011) is 
needed for Arctic LFSI. The strategy needs to include 
measurements of LFSI extent and thickness and provide 
information on the LFSI annual cycle. Community-based 
monitoring offers a means of collecting high quality in situ 
observations (Mahoney et al., 2009; Eicken et al., 2014), 
but co-production of knowledge (Behe and Daniel, 2018) at 
early stages of research design can help to ensure a sound 
strategy that will generate information of value for all 
stakeholders. Landfast ice monitoring is currently 
conducted by individual countries or stations at various 
locations. A unified and systematic Arctic LFSI observation 
network is needed. To maintain a large continuous 
monitoring network, local indigenous communities will 
need to be involved.  

Remote sensing, unmanned aerial vehicle and 
shore-based radar observations provide useful information, 
in particular for the monitoring of LFSI freeze-up and 
breakup. Data from InSAR data can be used to detect 
small-scale ice motion and map LFSI stability and 
interactions between LFSI, river ice, and drift ice. We need 
to develop an automated approach to measure LFSI extent 
(Mahoney et al., 2018). In recent years, SAR images have 
been used in the study of LFSI (Dammann et al., 2018, 
2019) which may improve the accuracy of extent statistics 
in future. The modelling of LFSI have been mainly focused 
on thermodynamics. Dynamics modeling of landfast ice has 
not drawn much attention in the sea ice modeling 
community. Most sea ice models are unable to reproduce 
LFSI dynamics in a realistic setting (Olason, 2016). Further 
studies are therefore needed. Extensive international 
cooperation including in situ observations, satellite remote 
sensing data and/or numerical simulations, is needed in the 
study of Arctic LFSI. 

In this review, we have mainly focused on Arctic LFSI 
studies. The LFSI in the Antarctic and subarctic seas are 
equally important and have been examined by numerous 
studies conducted by various national or international 
programs, including Chinese National Antarctic Research 
Expedition (Lei et al., 2010; Zhao et al., 2020) and 
Antarctica Fast Ice Network (Heil et al., 2011).  
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