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1.1    Introduction

When discussing the trends and changes in the 
sea ice cover across the Arctic and Antarctic in 
the context of global climate change, it is often 
overlooked that sea ice varies greatly by region 
and season. This is true not only for the coverage  
but also for the thickness of sea ice. The regions 
where sea ice either thins or thickens in a given 
year can show remarkable fluctuations, and 
this variability cannot simply be explained by 
latitudinal radiation or air temperature gradi-
ents. For example, the long-term, mean sea ice 
thickness in the Arctic is characterized by a 
zonal (i.e. East-to-West) contrast. While thick 
ice of >4 m is found north of Greenland and the 
Canadian Archipelago, sea ice north of Siberia 
is typically much thinner, although located at 
similar latitude, as shown by satellite-derived 
maps of ice thickness (Figure 1.1).

The actual spatial distribution of sea ice 
thickness is strongly governed by the direction 
and intensity of prevailing winds and ocean 
currents, which advect the ice, and by atmo-
spheric and oceanic heat fluxes, which show 
strong regional and temporal variability. 
Eventually, the geographical distribution of 
land masses constrains the distribution and 
extent of sea ice, and together with winds and 
currents, it also affects the sea ice thickness 
distribution (ITD) on large scales.

What forms the ITD that we observe on such 
large scales? Sea ice takes on a variety of com-
plex shapes, unlike a flat surface. Two main 
processes are responsible for the variability in 
ice thickness: thermodynamics and dynamics. 
While thermodynamic growth mostly creates 
level ice, dynamic, mechanical processes create 
deformed ice. Winds and ocean currents play a 
crucial role deep within the interior pack ice 
zones resulting in drifting sea ice and in turn 
leading to dynamic alterations in the distribu-
tion of sea ice thickness. Figure 1.2 illustrates 
dynamic changes in ice thickness, showing 
how ice can thicken or thin over time. Like 
the variability of winds and currents, ice drift 
is not consistent but can diverge or converge. 
Given its relatively thin nature, often just a 
few meters thick at most, the ice cover easily 
breaks into smaller floes separated by cracks or 
leads when in motion. In divergent conditions, 
leads form, creating open water where new ice 
develops through thermodynamic growth and 
thickens. Conversely, in convergent drift, ice 
floes are pushed together causing collisions. If 
the forces within the ice become too large, it 
may break. Then, ice rafting occurs when two 
sheets of ice just slide over each other without 
breaking, or ridging occurs when ice fragments 
and blocks are pushed both onto and beneath 
the edges of ice floes, forming pressure ridges 
(as illustrated in Figure 1.2). While rafting 
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1  Sea ice thickness distribution2

occurs typically in thin ice, pressure ridges are 
more often formed from thicker ice. Shearing, 
a special form of deformation, can cause rup-
ture zones creating both leads and pressure 
ridges. Naturally, these dynamically formed 
ridges are significantly thicker than the adja-
cent, thermodynamically grown, undeformed 
level ice.

Dynamic and thermodynamic growth and 
decay together shape the ITD that is often 
displayed as a histogram of the different sea 
ice thickness categories present in a region. 
Figure 1.3 displays a thickness profile that 
showcases the effects of dynamic and thermo-
dynamic processes on the distribution of ice 
thickness. This specific example is drawn from 

the Canadian Beaufort Sea (see Figure 1.1)  
and was captured during a westward aerial 
survey originating from the northwest corner 
of Banks Island. The profile begins above 
a recurring coastal polynya, where new ice 
measures less than 0.5 m in thickness. It then 
crosses thicker first-year ice (FYI), at 1.2 m in 
thickness, which had previously formed in the 
polynya and has been exported from there. 
Finally, the profile ends above ice exceeding  
2 m in thickness, consisting of old multiyear ice 
(MYI) originating from the high Arctic Ocean 
and Canada Basin. This latter ice is character-
ized by extensive deformation with numerous 
pressure ridges measuring over 6 m in thick-
ness. In this example we also see that the thick 
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Figure 1.1    Sea ice thickness in the Arctic derived from the European Space Agency satellite CryoSat-2, 
collected and averaged over one month (March 2014). The black box marks the region where the sea ice 
thickness profile in Figure 1.3 was measured. Credit: Robert Ricker/CC BY 4.0.
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1.1  Introduction 3

ice cover is interrupted by refrozen leads of 
varying thicknesses and widths, resulting from 
widespread divergent ice motion in this region.

Due to the interplay of the various ice growth 
and deformation processes, the resulting ITDs 
can be quite complex (Figure 1.3). However, 
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Figure 1.2    Illustration of the different dynamic and thermodynamic processes contributing to the 
development of the sea ice thickness distribution. Source: Meier & Haas (2011)/Arctic Monitoring and 
Assessment Programme. Bottom left photo: Michael Gutsche/Alfred-Wegener-Institute/CC BY 4.0, bottom 
right photo: Evgenii Salganik/CC BY 4.0.
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Figure 1.3    Sea ice thickness profile and thickness distribution (probability density function, PDF, 0.1 m bin 
width) from the Canadian Beaufort Sea obtained by airborne electromagnetic (EM) profiling (see Figure 1.1).  
The 65-km-long profile was surveyed on 19 March 2014, and which extends from the northwest corner 
of Banks Island (left) to approximately ​73° 33′N,  127° 29′W​ (right). Positive Z shows surface height profile 
obtained from laser altimetry, while negative Z shows EM ice thickness.

c01.indd   3c01.indd   3 8/4/2025   11:29:51 PM8/4/2025   11:29:51 PM



1  Sea ice thickness distribution4

the amount and thickness of deformed and 
level ice bear information about the integrative 
formation processes having contributed to the 
thickness distribution at any given time and 
location. It is, therefore, important to be able to 
observe different ice thickness classes (from thin 
to thick ice) with high spatial resolution and to 
take their importance for sea ice processes into 
account.

We will discuss the strong variability in sea 
ice thickness on all scales from regional dif-
ferences between, e.g. the coasts of Canada 
and Greenland and the Siberian Shelf, to 
small-scale variability of pressure ridges (up to 
20 m) and of leads covered with thin ice (sev-
eral centimeters).

In Section 1.2 we will lay the foundational 
understanding of the ITD, before we will 
explore methods used to gauge sea ice thick-
ness (Section 1.3). There, we will also explore 
the challenge of accurately describing the ITD 
across different scales, from very confined 
areas to the vast polar regions, considering the 
substantial variability between areas where 
various ice growth processes may prevail.

Eventually, we will examine the global ITD 
(Section 1.4) and related changes and trends 
(Section 1.5). In Section 1.6, we will take a 
look into recent advances and how we can use 
emerging technologies to improve our under-
standing in this field.

1.2    The sea ice thickness 
distribution

1.2.1    Statistical description

The interaction between dynamic and ther-
modynamic processes leads to substantial var-
iations in ice thickness, ranging from a few 
centimeters to several meters (Wadhams, 2000). 
Given that most air–ice–ocean interactions 
and biogeochemical processes are particularly 
influenced by specific ice thickness ranges, 
such as very thin ice or thick ridges, knowledge 
of the relative coverage of different ice  

thicknesses is essential for the parameteriza-
tion of important climate processes (Holland 
et al., 2006; Lipscomb et al., 2007; Notz, 2009). 
The broad spectrum of ice thicknesses can 
be effectively summarized through an ITD, 
a histogram characterizing the likelihood of 
encountering ice of a particular thickness. 
Mathematically, the ITD (denoted as g(h)) can 
be expressed as a probability density function 
in the following form (Thorndike et al., 1975):

​g(h)  dh = dA(h,  h + dh) / R​ � (1.1)

where ​dA(h,  h + dh)​ represents the fractional 
area of a region, denoted as ​R​, covered by ice 
with thickness ranging from ​h​ to ​(h + dh)​. In 
practice, the thickness distribution is primarily 
acquired along linear profiles, and thus, both ​
dA​ and ​R​ are one-dimensional, with ​R​ rep-
resenting the total length of the profile. The 
numerical values associated with each thick-
ness bin are divided by the corresponding 
bin width (​dh​) and expressed in units of m−1. 
Thus, being independent of the bin width, 
the ITD facilitates meaningful comparisons 
among thickness distributions obtained from 
various surveys.

When compiling representative sea ice 
thickness measurements into an ITD, the 
shape of the ITD reveals the interplay between 
thermodynamic and dynamic forces on the sea 
ice since its formation.

Typical ITDs are characterized by one or 
two modal peaks and a long tail (Haas et al., 
2010; Rack et al., 2021; Sumata et al., 2023). 
Consequently, the ITD is not symmetrical 
but positively skewed, meaning that thinner 
ice is more common than thicker ice. Since 
thermodynamic growth leads to a regionally 
almost homogeneous ice thickness, the most 
frequent ice thickness, i.e. the mode, is often 
associated with the thermodynamically grown, 
undeformed, level ice (Thorndike, 1992a; 
Wadhams, 1994; Haas et al., 2008; Albedyll 
et al., 2022). For example, the two modes in 
Figure 1.3 represent the thermodynamic thick-
ness of the younger ice that formed within the 
last growth season (FYI) and the older ice that 

c01.indd   4c01.indd   4 8/4/2025   11:29:51 PM8/4/2025   11:29:51 PM



1.2  The sea ice thickness distribution 5

has survived at least one summer (MYI). The 
MYI mode is often broader than the FYI mode 
because every thermodynamic cycle slightly 
increases the spread of the ice thicknesses dis-
tribution (Hansen et al., 2013). Sea ice defor-
mation introduces the skewed shape of the 
ITD by creating a long tail that consists of the 
crests and flanks of pressure ridges. For some 
applications, open water is included in the ITD 
in the smallest bin fraction. Various statistical 
measures describing the mode and tail of the 
ITD are used to interpret the ice regime. The 
width of the mode of the distribution can be 
described by the full width at half maximum 
(FWHM). A small FWHM and a high modal 
peak indicate a narrow and prominent mode 
typical for younger and thinner and more 
uniform ice regimes (Rabenstein et al., 2010; 
Albedyll et al., 2022; Sumata et al., 2023). In 
contrast, the variance of the ITD describes 
the spread of observed thickness values. 
Large variance is indicative of large fractions 
of deformed ice (e.g. Sumata et al., 2023). 
Deformed ice is often defined as the portion 
of sea ice exceeding the maximum theoret-
ical thickness of thermodynamically grown 
ice, typically in the range of 3–5 m (e.g. Rack 
et al., 2021; Albedyll et al., 2022). The tail of 
the ITD can be reasonably well approximated 
using a log-normal, exponential, or power-law 
function that begins at a cut-off value, 
often corresponding to the dominant mode 
(Wadhams, 1994; Flato & Hibler, 1995). The 
slope of the tail, characterized by, for instance, 
the e-folding of the exponential function, 
has also been found to be indicative of the 
deformation regime (Rabenstein et al., 2010; 
Albedyll et al., 2021).

A typical icescape comprises extensive areas 
of level ice interrupted by distinct vertical 
morphological features like pressure ridges, 
rafts, and leads. When categorizing level ice, 
a minimal vertical thickness gradient is used 
as a criterion (Wadhams & Horne, 1980; 
Rabenstein et al., 2010). Pressure ridge sails 
and keels are considered local maxima and 
minima in the ice surface or draft profile, 

provided they exceed a specified cutoff height. 
Independent ridges and keels are identified if 
they meet the Rayleigh criterion, i.e. they must 
be separated by a data point of more than half 
their height to be considered as separate fea-
tures (Wadhams & Davy, 1986). In open or 
refrozen leads and cracks, sea ice thickness 
drops to zero or very thin, level thicknesses, 
respectively. Statistical properties of ridges 
and leads, such as their frequency or size, 
often follow simple exponential or log-normal 
distributions (Wadhams, 2000; Rabenstein  
et al., 2010; Tan et al., 2012; Muchow et al., 
2021). Some applications concentrate on the 
surface rather than the total thickness. They 
describe the surface roughness using met-
rics like the mean profile height, the standard 
deviation of profile elevation differences from 
the mean (rms height), an exponential normal 
function, and the autocorrelation length 
(Saldern et al., 2006; Duncan & Farrell, 2022). 
Information about the surface roughness and 
sail heights is required for the estimation of 
drag coefficients. These drag coefficients con-
trol air–ice interactions in the momentum 
balance equation describing the ice motion 
in sea ice models (Castellani et al., 2014; 
Mchedlishvili et al., 2023; Krumpen et al., 
2025).

1.2.2    Processes changing the ice 
thickness distribution

Thermodynamics and dynamics change ice 
thickness on different spatial and temporal 
scales. The associated temporal changes of the 
ITD is defined as “g” (Thorndike et al., 1975):

​∂ g / ∂ t = – ∂ (fg) / ∂ h − div(vg) + ɸ​ � (1.2)

Three terms contribute to this equation (as 
illustrated in Figure 1.4): ​f(h, x, t) = dh / dt​ is 
the thermodynamic growth or melt rate of 
ice of thickness ​h​ at a location ​x​ and time ​t​.  
Those processes are active on synoptical 
scales of 1000  km and seasonal timescales. 
The ice advection ​div(vg)​ describes the con-
vergence and divergence of the ice where  
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1  Sea ice thickness distribution6

​v​ is the drift velocity vector. Since the sea ice 
velocity varies on temporal and spatial scales 
of a few hours and hundreds of meters, this 
term leads to much more abrupt changes 
in ice thickness than thermodynamics. The 
same applies to the subsequent redistribution 
of the ice from thinner to thicker ice classes 
in case of convergence, which is described 
by ​ɸ​, the so-called redistribution function 
(Lipscomb et al., 2007).

Thermodynamics
Since atmospheric and oceanic forcing of ther-
modynamic growth and melting mostly varies 
on synoptic scales spanning up to 1000  km, 
thermodynamic growth and melting alter 
the ice thickness on these larger, regional  
scales. The rate of thermodynamic growth 
and melting (​f(h,  x,  t) = dh/dt​) is determined 
by the conductive heat transfer between the 
ocean and the atmosphere. Consequently, ​
f​ depends on the temperature gradient and 
the thermal conductivity of the ice, which is 
influenced by its microstructure, including 
the presence of brine and air (Petrich  
& Eicken, 2017).

Ice growth: Sea ice grows at its bottom when 
the water is at its salinity-dependent freezing 
point and when the heat flux through the ice 
exceeds the heat flux from the water below 
(Petrich & Eicken, 2017). Initially, in open 
water, thermodynamic growth is rapid, but 
gradually, it slows down as thicker ice results 
in less efficient heat transfer. Eventually, the 
ice reaches an equilibrium thickness, where 
it stops growing because the inefficient heat 
transport becomes balanced by the ocean heat 
flux from below (Maykut, 1986). The presence 
of snow further limits heat transport through 
the ice, as its thermal conductivity, typically 
ranging between 0.11 and 0.35  W m−1 K−1 
(Chapter 2; Massom et al., 2001), is much 
smaller than the sea ice’s heat conductivity. 
As a result, the presence of snow signifi-
cantly slows down ice growth and reduces the 
equilibrium ice thickness.

Ice melt: Melting reduces the average ice thick-
ness and shifts the thickness distribution left 
toward thinner ice, as illustrated in Figure 1.4. 
Therefore, the ITD is closely tied to the summer 
ice extent defined by the isoline of zero ice thick-
ness. When the amount of ice melt during the 
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Figure 1.4    (a)–(d) Illustration of the contribution of the different processes changing the sea ice thickness 
distribution given in Eq. (1.2). Source: Thorndike et al. (1992b)/John Wiley & Sons.
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1.2  The sea ice thickness distribution 7

summer exceeds the modal thickness, substan-
tial regions become ice-free. During the summer, 
ice is melted by solar and infrared radiation as 
well as atmospheric heat, both at the surface 
and internally. In contrast, bottom and lateral 
melting can occur at any time when the ocean 
heat flux to the ice exceeds the conductive heat 
flux through the ice to the atmosphere, i.e. when 
the ice is thicker than its equilibrium thick-
ness. This is particularly common in thicker ice 
such as pressure ridges. Consequently, bottom 
melting can even occur during the winter, result-
ing in a negative change in the ITD, as depicted in  
Figure 1.4b. Melt rates depend critically on the 
ITD itself (e.g. Perovich et al., 2003). Pressure 
ridges experience faster melting during the 
summer for several reasons (e.g. Salganik et al.,  
2023). First, the heat flux through thick ice is 
lower. Second, pressure ridge keels protrude far 
down into the water, potentially reaching into 
warmer water. Third, ridge keels increase the 
roughness of the ice underside, and thus the 
upward turbulent ocean heat fluxes (Amundrud 
et al., 2006; see Chapter 8 for more details). 
And last, the flanks of ridge sails are exposed 
more normally to the incident solar radiation 
than ridge crests, as solar elevation is low in 
polar regions. Although the variations of melt 
rates might seem to be rather small, they can 
contribute to significantly different thickness 
changes during the ablation season. When snow 
and ice melt, the melt water tends to collect in 
topographic depressions, forming melt ponds. 
Even small amounts of snowmelt can have a 
significant impact on the surface albedo. Typical 
surface broadband shortwave albedos are  
0.8–0.85 for dry snow, 0.7–0.8 for wet snow, 
0.6–0.7 for bare ice, and 0.1–0.5 for melt ponds 
(Chapter 3). Once formed, melt ponds absorb 
more solar radiation than adjacent snow or 
bare ice, thereby increasing local melt rates. 
Throughout the summer, the surface of melt 
ponds lowers until it is at sea level, leaving 
vertical pond walls that reach deep into the 
ice. This positive feedback causes significant 
changes to the ITD of level ice, and it con-
tributes to an increase in surface roughness  
(e.g. Polashenski et al., 2012; Landy et al., 2014).

Advection and divergence
Advection and divergence act on all spatial 
scales from a few meters to basin-wide scales. 
The term “ice advection” (​div(vg)​) quan-
tifies changes in ice thickness resulting from 
the movement of ice at a specific velocity (​v​)  
and with a particular thickness distribution  
(​g​). In a Eulerian framework, i.e. observing 
a fixed geographical area, the advection term 
quantifies the net influx or outflux of ice into 
or out of that area. Returning to our earlier 
discussion on the large-scale regional thick-
ness gradients in the Arctic (Section 1.1), ice 
advection accounts for these differences that 
cannot be explained by thermodynamics. 
Ice is transported away from the Siberian 
shelf, which results in large-scale divergence  
(​div(vg) > 0​) and small ice thicknesses there. 
Conversely, along the north coasts of Canada 
and Greenland, ice is advected toward the 
land, which leads to convergence (​div(vg) < 0​)  
and thicker ice. In a Lagrangian framework, 
where we follow the motion of the ice itself, 
the ice advection term induces changes 
within the study area rather than the ice flux 
through the boundaries of a fixed grid. In this 
context, the advection term can be simpli-
fied as ​div(vg) = g  div(v)​ (Thorndike, 1992a). 
The Lagrangian reference system offers the 
advantage of being able to study the same ice 
without any external ice being gained or lost. 
In this case, convergence and divergence of a 
region are directly linked to thickness changes 
(Albedyll et al., 2022).

Divergence causes cracks, leads, or polynyas, 
resulting in open water areas where new ice 
can form. Consequently, in a given region, 
divergence removes ice of a finite thickness, 
causing a distinct shift in the thickness distri-
bution, often depicted as a delta pulse at zero 
thickness (see Figure 1.4c).

Redistribution during convergence
Redistribution shapes the ice thickness on 
local scales of decimeters to meters. The redis-
tribution function (​ɸ​) describes how sea ice 
thickness changes within an area due to sea 
ice deformation. This function summarizes all 
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1  Sea ice thickness distribution8

mechanical processes, such as ridging, rafting, 
and open-water formation, that change the 
relative occurrence of different thicknesses 
but do not influence the mean thickness. The 
redistribution function is proportional to the 
magnitude of the deformation, i.e. how much 
ice area was gained (divergence) or lost (con-
vergence). In addition, ​ɸ​ depends strongly 
on the mechanical reaction of ice toward the 
applied stress. Those mechanical properties 
are not precisely known as they depend on 
small-scale ice properties like ice porosity and 
impurities and large-scale ice pack properties 
like snow cover and weaknesses caused by 
previous deformation events. Therefore, sea 
ice mechanics is the subject of current research 
with different ice strength parameterizations, 
rheologies, and yield curves used in sea ice 
modeling prescribing the mechanical behavior 
of sea ice (see Section 1.2.3; Thorndike et al., 
1975; Rothrock, 1975; Hibler, 1979; Lipscomb 
et al., 2007; Ringeisen et al., 2023). Chapter 4  
provides an in-depth discussion of the ice 
engineering view on breaking ice. Since ice 
strength depends on ice thickness, we expect 
that thinner ice deforms more easily than thick 
ice. Thus, convergence closes open-water areas 
first and then transforms thin ice into thicker 
ice classes. This reduces the presence of open 
water and thin ice and increases the occur-
rence of thicker ice (Figure 1.4d). Commonly, 
it is assumed that only a small fraction  
(e.g. 15%) of the ice participates in the defor-
mation (Thorndike et al., 1975). Several dif-
ferent parameterizations based on studies like 
Thorndike et al. (1975) and Lipscomb et al. 
(2007) are available to describe this general 
behavior of ice redistribution. There are prom-
ising attempts to constrain parts of the redis-
tribution function based on conceptual models 
(e.g. Hopkins et al., 1991, 1999; Hopkins, 1994, 
1998; Roberts et al., 2019), three-dimensional 
discrete-element-method simulation tools 
(Muchow & Polojärvi, 2024), tank experiments 
(Tuhkuri & Lensu, 2002), and high-resolution 
observations (Vinje et al., 1998; Amundrud 
et al., 2004; Albedyll et al., 2022). Pan-Arctic, 

high-resolution ITDs, provided by the altim-
eter on the ICESat-2 satellite, will most likely 
advance this open field of research (Duncan & 
Farrell, 2022).

The ITD is both a prerequisite for and 
a consequence of thermodynamics and 
dynamics. Each of these processes influences  
the ITD in distinct ways, as depicted in  
Figure 1.4. Changes in ice thickness often 
result from the interplay of these processes, 
with mutual influences on each other.

For instance, divergence creates open 
water, reducing the ice thickness. When 
freezing conditions prevail, new ice rapidly 
forms through thermodynamic processes 
in the open water, increasing the overall ice 
volume. However, this newly formed, thinner 
ice is mechanically weaker, making it sus-
ceptible to being ridged during subsequent 
convergence events. This leads to the trans-
formation of initially thin ice into thicker 
ridges. In contrast, during melting condi-
tions, the open water created by divergence 
absorbs more sunlight and the fractured ice 
pack is prone to stronger melting (Perovich  
et al., 2001; Arntsen et al., 2015; Hwang  
et al., 2017; Lei et al., 2020). Hence, any inter-
pretation or prediction regarding changes in 
the distribution of ice thickness concerning 
climate change must consider both thermody-
namic and dynamic processes, as well as any 
feedback mechanisms associated with them.

1.2.3    Implementation in sea ice 
models

Sea ice models are essential components 
of Earth System Models (ESMs) that are 
capable of simulating the physical, chemical, 
and biological processes in the atmosphere, 
ocean, land, and sea ice that govern the evo-
lution of Earth’s climate (Chapter 10). These 
numerical climate models are crucial for  
climate prediction and understanding climate 
feedback mechanisms. Here we give a brief 
summary of how sea ice thickness change 
is implemented in sea ice models and refer 
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1.2  The sea ice thickness distribution 9

the interested reader to Chapter 10 for more 
details on ESMs.

Sea ice models are formulated as expres-
sions of local conservation of momentum, 
mass, and heat, which are driven through 
various underlying thermodynamic and 
dynamic processes (see Section 1.2.2). 
Thermodynamic processes control melting, 
freezing, and dissolution, involving processes 
like solar and longwave radiation absorption, 
thermal conduction, and brine convection. 
They are controlled by the surface energy 
balance:

​​F​ SW, net​​ + ​F​ LW, net​​ + ​F​ sens​​ + ​F​ lat​​ + ​F​ m​​ − ​
F​ cond​​ = 0​� (1.3)

The individual contributions are the net short-
wave and longwave radiation (​​F​ SW,   net​​​ and ​​
F​ LW,   net​​​, respectively), the sensible and latent 
heat flux (​​F​ sens​​​ and ​​F​ lat​​​, respectively), heat 
used for melting (​​F​ m​​​), and the conductive heat 
flux (​​F​ cond​​​) through the ice. See Chapter 10 for 
details.

Dynamic processes control the advection and 
deformation of sea ice leading to a redistribu-
tion of thickness from an Eulerian perspective.

On a regional scale, the large-scale spatial 
thickness distribution is obtained by solving a 
force balance equation considering the main 
forces acting on a unit area of the sea ice cover:

​Ma = ​τ​ a​​ + ​τ​ w​​ + ​F​ C​​ + ​F​ i​​ + ​F​ t​​​� (1.4)

where a sea ice element of mass ​M​ accelerates 
with ​a​ according to the sum of the air and water 
drags ​​τ​ a​​​ and ​​τ​ w​​​, the Coriolis force ​​F​ C​​​, internal 
ice forces ​​F​ i​​​, and of the force due to sea surface 
tilt ​​F​ t​​​. Typically, the first two terms are domi-
nant by more than an order of magnitude. The 
mean ice thickness for each model grid cell is 
determined by solving Eq. (1.4), which accounts 
for ice motion, and distributing the drifted ice 
volume equally across the cell area, under the 
assumption of mass conservation as discussed 
in Chapter 10. As for the redistribution term in  
Eq. (1.2), considering ice strength and rheology to 
realistically simulate sea ice deformation is cru-
cial here. The mechanical processes associated  

with the consequences of convergence and  
divergence are not explicitly resolved on the scale 
of individual floes breaking in sea ice models 
but parameterized by describing the changes of 
the ITD (see Section 1.2.2). While simple models 
have just one ice thickness class, meaning that 
they allow only a uniform thickness within 
a given grid cell, more complex models better 
reflect the dynamic processes by including a 
set of ice thickness classes describing the ITD  
(Section 1.2.1). This differentiation allows for 
changing the frequency of occurrence of differ-
ent ice classes after the deformation events (see 
“redistribution during convergence” above). The 
exact parameterization of dynamic processes 
is still a field of research and has a significant 
impact on the model mean state (Ungermann 
et al., 2017; Massonnet et al., 2019).

Pressure ridges and leads form large-scale 
systems of so-called linear kinematic features 
(LKFs).

Elasto-brittle sea ice models like nextSIM 
(Rampal et al., 2016) have the capability to 
simulate sea ice deformation more realisti-
cally, and compared to other sea ice models, 
they simulate a greater number of LKFs and 
more refined LKFs as the spatial resolution is 
increased (Mehlmann et al., 2021). LKFs can 
be observed and quantified by high-resolution 
satellite remote sensing, e.g. by synthetic aper-
ture radar images (e.g. see Chapter 5; Hutter  
et al., 2019; Itkin et al., 2023; von Albedyll et al., 
2024). Extensive deformation datasets derived 
from the RADARSAT Geophysical Processor 
System (RGPS), which uses radar data from the 
Canadian RADARSAT satellite mission, have 
been used as a reference to benchmark models 
in their ability to resolve LKFs and to reproduce 
their statistical properties (Hutter et al., 2019, 
2022). How well models can resolve LKFs also 
depends on the choice of the model grid and its 
discretization (Mehlmann et al., 2023).

In the future, it will be important to better 
understand sea ice deformation processes 
with the help of field experiments like 
Multidisciplinary Drifting Observatory for 
the Study of Arctic Climate (MOSAiC) and  
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1  Sea ice thickness distribution10

coincident high-resolution satellite data like 
from Ice, Cloud and Land Elevation Satellite 
2 (ICESat-2), to eventually improve the imple-
mentation of such processes in sea ice models.

1.3    Measurement 
techniques on different 
scales

In this section, we present ice thickness obser-
vation methods, with a view on how the full ITD 
can be measured across different scales. The 
accuracy and insights obtained from these mea-
surements are directly influenced by the scale 
of observation employed. Indeed, whether we 
utilize on-ground techniques or satellite-based 
methodologies with different spatial resolu-
tions, the resultant data will invariably differ, 
contingent upon the detection of both small- 
and large-scale sea ice features.

While sea ice extent and concentration can  
be measured with sufficient accuracy by sat-
ellites from space (Chapter 5), determining 
its thickness is much more difficult, even 

from aircraft or while standing on the ice. 
On the one hand, we must infer information 
from below the water’s surface, while on the 
other hand, the relative thinness and com-
plex topography of the sea ice pose significant 
challenges for geophysical measurement tech-
niques. Therefore, most methods are indirect 
measurements, which observe ice properties 
closely related to ice thickness. This chapter 
briefly presents the most important sub-
marine, on-ice, and airborne ice thickness 
measurement methods (Figure 1.5). For com-
pleteness, we also summarize spaceborne ice 
thickness measurements and direct the inter-
ested reader to Chapter 5 for more details.

One important difference between space-
borne and airborne or on-ground ice thick-
ness observations discussed in this chapter 
is that the latter two can usually provide 
information about the actual thickness dis-
tribution, while spaceborne methods typ-
ically obtain large-scale mean thickness 
information. However, this is changing 
with current and future satellite missions 
that are or will be able to resolve spatial  
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Figure 1.5    Ice floe cross-section showing definitions of ice and snow thickness terms and parameters, and 
primary measurement techniques to observe different sea ice and snow parameters on various temporal 
and spatial scales.
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1.3  Measurement techniques on different scales 11

variability on much smaller scales (e.g. 
ICESat-2, Copernicus Polar Ice and Snow 
Topography Altimeter [CRISTAL]; see 
Section 1.6 and Chapter 5). The methods 
discussed here are important for revealing 
the underlying processes of observed thick-
ness variability across different spatial and 
temporal scales. As each method has its own 
limitations in terms of accuracy as well as 
spatial and temporal coverage, we need the 
combination of different observation tech-
niques for a full characterization of the ITD. 
For example, auger drillings provide very 
accurate and precise thickness measure-
ments, but only for a very small area and for 
a limited period of time, depending on the 
accessibility of the ice. On the other hand, 
satellite observations work year-round, cov-
ering the entire Arctic, but have much larger 
uncertainties.

1.3.1    Local/in situ measurements

Drill-hole measurements
Drill-hole measurements using augers provide 
the most direct and most accurate ice thick-
ness information (e.g. Haas & Druckenmiller, 
2009). They are the only method allowing 
the simultaneous observation of all impor-
tant components of ice thickness, namely the 
thickness of both ice and snow, as well as ice 
draft and freeboard (the depth of the ice under-
side below the water level and the height of the 
ice-surface above the water level, respectively) 
with one measurement (Figure 1.5). However, 
drill-hole measurements are slow and tedious 
and require access to the ice, such that their 
spatial extent and statistical representative-
ness can be quite limited and usually does not 
include information about very thin or thick 
ice due to logistical reasons. Nevertheless, they 
can provide important information on key 
aspects of the ITD, e.g. modal thickness rep-
resenting the thickness of the most frequently 
occurring, thermodynamically grown level ice 
(Eicken et al., 1995; Worby et al., 1996). It is also 
good practice to support measurements made 

by other means with a few drill-hole measure-
ments for calibration and/or validation.

Ice mass balance buoys
Ice mass balance buoys (IMBs) are essential 
tools for monitoring sea ice thickness 
(Richter-Menge et al., 2006; Jackson et al., 
2013; Perovich et al., 2023). They are deployed 
on drifting sea ice, typically during research 
cruises, and measure changes in ice thickness 
autonomously, providing real-time data over 
time that are transmitted by satellite commu-
nication systems.

IMBs measure both the freezing and melting 
processes above and below the ice. They 
use thermistor strings or acoustic sensors to 
track changes in the ice surface and bottom, 
providing data on snow depth, ice growth, 
and melt rates. This information is crucial for 
understanding the seasonal evolution of sea 
ice. However, similar to drill-hole measure-
ments, thickness data from buoys are limited 
to their immediate location on the drifting 
ice floe and may be strongly affected by the 
presence of local snow drifts, for example.

Visual observations
Ice thickness can also be observed visually by 
recording ice floes broken by an icebreaker. 
The broken ice fragments are often moved 
side-up against the ship’s hull, revealing their 
cross profile. Coordinated, systematic visual 
ice observations are encouraged by the interna-
tional Antarctic Sea Ice Processes and Climate 
(ASPeCt) program and have been compiled by 
Worby et al. (2008) to provide a unique snap-
shot of circum-Antarctic sea ice thicknesses.

1.3.2    Regional-scale 
observations

Ground-penetrating radars
With ground-penetrating radar (GPR), the 
travel time of radar waves between the radar 
instrument and reflections from the snow 
surface, snow–ice interface, or ice–water 
interface is measured. GPR could, therefore,  
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1  Sea ice thickness distribution12

potentially yield coincident measure-
ments of snow and ice thickness (Haas & 
Druckenmiller, 2009; Galley et al., 2009). 
While radar frequencies of a few 100  MHz 
have to be used to penetrate through the sea 
ice, higher frequencies ≥1 GHz have to be used 
to resolve the much thinner snow. Although 
the references above include few examples of 
successful point measurements, widespread 
application of the method suffers from highly 
variable dielectric ice properties due to varia-
tions in brine volume, brine distribution, and 
other internal interfaces. These lead to highly 
variable radar propagation speeds and radar 
absorption, such that acquired radargrams 
can be difficult to interpret. Recent new tech-
nology developments have led to the design 
of ultra-wideband, frequency-modulated, 
continuous-wave (FMCW) radars for snow 
depth measurements over sea ice (Panzer 
et al., 2013). These are now routinely flown 
for snow thickness surveys over Arctic and 
Antarctic sea ice (Kurtz et al., 2013; Jutila  
et al., 2022a).

Submarine and moored upward-looking sonars
A substantial amount of ice thickness data have 
been obtained by means of upward-looking 
sonars (ULSs), also called ice profiling sonars. 
These have been mounted either on military 
nuclear submarines (e.g. Bourke & Garrett, 
1987; Rothrock et al., 2008; Sumata et al., 2023) 
or on oceanographic moorings (e.g. Vinje et al., 
1998; Melling et al., 2005; Behrendt et al., 2013; 
Hansen et al., 2013; Krishfield et al., 2014) and 
have provided some of the most extensive and 
invaluable information of long-term ice thick-
ness variability and change since the 1950s 
(Figure 1.6).

With this method, estimates of ice draft, the 
depth of the ice underside below the water 
level, are obtained, serving as a reliable proxy 
for ice thickness. The instruments measure the 
travel time, ​t​, of a sonar pulse transmitted by 
the ULS and reflected back from the ice bottom 
(Figures 1.5 and 1.6). Additionally, the depth 
of the sonar beneath the water level, ​z​, and the 

sound velocity, ​c​, in the water must be known. 
Then, ice draft, ​d​, is calculated according to

​d = z − c * t / 2​ � (1.5)

The depth of the ULS is derived from pressure 
sensors, whose measurements are also 
dependent on atmospheric sea level pressure. 
The sound velocity profile is either assumed 
constant with a certain sound speed or taken 
from sea-water conductivity, temperature, and 
depth measurements or a mixed layer model 
(Behrendt et al., 2013). Measurements are also 
corrected for sonar tilt which can be caused 
by currents. Data processing can become 
quite complicated in the case of strong water 
stratification or when the measurements are 
performed close to ocean frontal zones. A plau-
sibility test for the depth measurement or the 
sound velocity profile can be performed when 
profiling the water level in open leads. There, 
the measured sonar distance must equal the 
ULS depth.

Sea ice thickness,​ h​, is calculated from draft, ​
d​, by assuming isostatic equilibrium, a certain 
snow depth, ​zs​, and water, ice, and snow den-
sities ​ρw​, ​ρi​, and​ ρs​:

​h = (ρw d − ρs zs) / ρi​ � (1.6)

Overall, uncertainties of sound velocity pro-
files, biases due to sonar beam divergence, 
and other technical issues lead to draft uncer-
tainties in the range between 0.10 (Melling &  
Riedel, 1995) and 0.25  m (Rothrock & 
Wensnahan, 2007). Accuracies have improved 
with the use of high pulse repetition rates, 
which allow better detection of leads between 
ice floes serving as zero thickness reference 
measurements.

Submarines allow for long-range, basin-scale 
transects for determining the ice thickness pro-
file. However, so far, submarine surveys have 
only been performed in conjunction with 
military cruises. This implies that transects 
are not designed with scientific priorities and 
in a systematic manner. As a consequence, 
measurements often have to be corrected 
for seasonal variability before they can be  
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1.3  Measurement techniques on different scales 13

compared with each other (Rothrock et al., 
2008). The Scientific Ice Expeditions program 
of the US Navy facilitates timely release 
and scientific analysis of submarine data. 
Meanwhile, autonomous underwater vehicles 
are being developed, and they may provide an 
alternative for the use of submarines in the 
future (Dowdeswell et al., 2008; Williams et al.,  
2015). They can also be used in Antarctica, 
where the operation of military, nuclear sub-
marines is prohibited by the Antarctic Treaty.

ULSs mounted on oceanographic moor-
ings provide long time series of ice thickness 
in a single location. These allow studying the 

temporal development of the ITD, e.g. in the 
course of the growing season (Melling & Riedel, 
2004; Mahoney et al., 2015; Metzger et al., 2021). 
Transects can be achieved if several moorings 
are simultaneously operated across a certain 
region, such as in the Fram Strait (Hansen et al.,  
2013) or the Beaufort Sea (Krishfield et al., 
2014). Combined with ice drift velocity data 
retrieved from satellite remote sensing or buoys, 
mooring data allow for the calculation of ice 
volume or freshwater fluxes.

While moored ULS can provide very 
valuable continuous data, the operation of the 
instruments at water depths of 50–150  m for 
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Figure 1.6    Schematic of a moored upward-looking sonar (ULS), with d: sea ice draft, z: instrument depth, 
h: sea ice thickness, c: sound velocity, and t: two-way travel time. Source: Behrendt et al. (2013), CC-BY 3.0 
License/Earth System Science Data/CC-BY 3.0.
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1  Sea ice thickness distribution14

periods of one or more years is still a techno-
logical challenge. Similarly, the recovery of the 
instruments is often difficult, or instruments 
may be lost, e.g. as a result of commercial trawl 
fishing. Moorings cannot be deployed in shal-
low waters, where they might be destroyed by 
scouring from ridge keels or icebergs.

Airborne electromagnetic induction 
sounding
In contrast to high-frequency radar echo 
sounding, frequency-domain electromagnetic 
(EM) induction sounding uses low-frequency 
EM signals between 1 and 100 kHz and 
has become a widely applied method. The 
technique is sensitive to the distribution of 
electrical conductivity in the underground and 
is traditionally employed in mineral explo-
ration or groundwater mapping on land. The 
transmitter coil of an EM instrument generates 
a “primary” EM dipole field, which penetrates 
almost unaffectedly through the resistive ice, 
whose electrical conductivity typically ranges 
between 0 and 50 mS m−1 (milli-Siemens per 

meter), depending on ice type and season 
(Haas et al., 1997). However, in the highly con-
ductive seawater, with conductivities ranging 
between 2400 mS m−1 in the Western Arctic 
and 2700 mS m−1 in the Southern Ocean, eddy 
currents are induced. These, in turn, induce a 
“secondary” EM field, which propagates back 
through the ice and whose amplitude and phase 
are measured by a receiver coil, relative to the 
primary field. The amplitude of the secondary 
field decreases exponentially with increasing 
distance between the instrument and the ice–
water interface, which coincides with the bot-
tom of the ice (Figure 1.7). Relations between 
the secondary field amplitude and the distance 
to the ice–water interface can be derived empir-
ically by means of coincident measurements 
over drill holes or open water (Haas et al.,  
1997, 2009, 2017) or by forward modeling 
(Anderson, 1979; Pfaffling et al., 2007; Haas 
et al., 2021). In addition, the EM response 
depends on the signal frequency and coil ori-
entation and spacing. If the sensor is carried 
by an airborne platform, its height has to be 
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Figure 1.7    Illustration of airborne sea ice observations using an EM-Bird, a laser scanner, and a snow 
radar. The sea ice parameters relevant for these observations are total (ice + snow) thickness (htot), snow 
depth (hs), sea ice thickness (hi), sea ice freeboard (hfi), and snow freeboard (hfs). SSH stands for local sea 
surface height, depicted by the blue dashed line. Source: Jutila et al. (2022) / The Cryosphere / CC BY 4.0.
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1.3  Measurement techniques on different scales 15

measured independently, typically using laser 
altimeters. Consequently, ice-plus-snow thick-
ness can then be computed from the difference 
between the distance to the ice–water inter-
face and the instrument height above the 
snow measured by the altimeter (Figure 1.7).  
To minimize disturbance from interference 
with conducting metallic parts of the aircraft 
and to facilitate operation close to the ice sur-
face, the airborne sensors are typically oper-
ated as towed “Birds” (e.g. Kovacs & Holladay, 
1990; Haas et al., 2009). The airborne platforms 
can be either helicopters or fixed-wing aircraft 
(e.g. Basler BT67 airplane; Haas et al., 2010). 
The ice thickness profile shown in Figure 1.3 
was obtained with the surveying system similar 
to the one shown in Figure 1.7. Results from 
such surveys also provide validation for model 
results and satellite products. Comparisons 
with drill-hole data and theoretical consider-
ations show that the accuracy of EM thickness 
measurements is better than ​± 0.1 m​ over level 
ice (Haas et al., 1997; Pfaffling et al., 2007). 
However, due to the spatial extent of eddy cur-
rents induced in the water, the footprint of the 
method is quite large and can range between 
3.7 and 10 times the distance between the EM 
instrument and the water surface, depending 
on the instrument configuration (Kovacs et al.,  
1995; Reid et al., 2006). Consequently, EM 
measurements underestimate the maximum 
thickness of narrow patches of deformed ice 
such as ridge keels by as much as 50% (Haas & 
Jochmann, 2003).

The EM induction sounding method con-
tinues to be used on the ground, where a 
sledge with an EM device is pulled by a person 
or snowmobile to measure ice thickness along 
the track (Haas et al., 2017; Itkin et al., 2023; 
Neudert et al., 2024).

Airborne laser altimetry
Like draft, sea ice freeboard is closely related to 
ice thickness via isostasy, and therefore, there 
are significant efforts to survey snow freeboard 
(Figure 1.5) using airborne laser altimetry, for 
example, as part of National Aeronautics and 
Space Administration’s (NASA) Operation 

IceBridge mission, carried out from 2009 to 
2019 (MacGregor et al., 2021). The principles 
of the method and conversion of freeboard 
to ice thickness are identical to satellite laser 
altimetry (Chapter 5). However, due to the 
lower flying altitudes of aircraft, the spatial 
resolution of individual measurements is sig-
nificantly improved, and the use of scanning 
lasers provides two-dimensional freeboard and 
surface roughness information (Petty et al., 
2016). Therefore, the full ITD can be resolved, 
and the data can be well analyzed for surface 
roughness and pressure ridge distributions 
(Tan et al., 2012; Castellani et al., 2014; Ricker 
et al., 2023).

In contrast to ULS measurements of sea ice 
draft, the uncertainty in altimetric ice thick-
ness retrievals is much larger due to the small 
freeboard-to-thickness ratio. For a given free-
board error, the corresponding ice thickness 
uncertainty is approximately 10 times larger.

In addition, accurate knowledge of snow 
depth is required for reliable sea ice thickness 
retrievals. In contrast to satellite measure-
ments, snow depth has successfully been mea-
sured from aircraft with FMCW radars (Panzer 
et al., 2013; Kwok et al., 2017; Jutila et al.,  
2022a; Fredensborg Hansen et al., 2024; see 
also Chapter 2), thus significantly improving 
ice thickness estimates.

Altimetric freeboard measurements also 
require accurate knowledge of the water level 
(“sea surface height”) against which free-
board is referenced (Figure 1.5). Due to vari-
able aircraft flying heights, unresolved geoid 
undulations, and dynamic sea surface topog-
raphy, the height of the water level is generally 
poorly known and needs to be obtained from 
the altimetric measurements themselves. For 
high-resolution airborne measurements, this 
information can be obtained from the laser 
echo strength and from auxiliary photography 
of the location of open leads (Ricker et al., 
2016). Overall, the uncertainty of laser altimet-
ric mean ice thickness retrievals is estimated to 
be between 0.22 and 0.7 m (Kurtz et al., 2013). 
Note that due to the large uncertainties of alti-
metric ice thickness retrievals, many recent 
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1  Sea ice thickness distribution16

laser altimetry studies focus on the observa-
tion of freeboard and snow thickness rather 
than ice thickness.

1.3.3    Global-scale observations

To assess global-scale changes of Earth’s sea 
ice cover, spaceborne observations are crucial. 
While sea ice extent and concentration can  
be retrieved routinely from satellites since the 
1980s (Chapter 5), sea ice thickness is more  
difficult to measure from space, since we need 
to infer accurate information in the third 
dimension. Satellite altimetry is the most com
mon method to retrieve sea ice thickness from 
space. Radar (typically Ku-band, 12–18 GHz,  
1.67–2.5 cm) or laser (typically in the green 
part of the visible spectrum) pulses are trans-
mitted toward the surface and the travel 
time of the signal is recorded, allowing us to 
compute the distance between surface and 
satellite. By analyzing the characteristics of 
the reflected signal, surface heights from sea 
ice and from open water can be distinguished. 
The sea surface height, estimated by inter-
polation between open water tie points in 
leads (Figure 1.2), is then subtracted from the 
sea ice surface elevations to derive sea ice or 
snow freeboard depending on the used sensor 
(Figure 1.5; Ricker et al., 2016). While laser 
pulses are generally reflected at the snow sur-
face, a radar signal can penetrate the snow 
to the snow–ice interface depending on the  
frequency (see Chapter 5 for more details). 
The derived freeboard is converted into sea ice 
thickness assuming hydrostatic equilibrium. 
This conversion requires information on sea ice 
density, which is challenging due to the lack of 
observations across the polar regions. Typically, 
bulk densities are estimated using parametriza-
tions (e.g. Jutila et al., 2022b) or climatologies 
(Warren et al., 1999). Considering their large 
spatial and temporal variability, along with 
snow depth, ice densities are a major source 
of uncertainty in the freeboard-to-thickness 
conversion.

The European Space Agency (ESA) ERS1/2 
satellite missions in the 1990s were the first 

carrying altimeters that have been used to derive 
sea ice thickness (Laxon et al., 2003). However, 
spatial resolution was relatively low, allowing 
only large-scale estimates, not resolving regions 
of deformed sea ice. With time, sensors became 
more advanced, and the ESA Satellite CryoSat-2 
launched in 2010 for the first time allowed to 
routinely produce monthly maps of Arctic 
winter sea ice thickness (Tilling et al., 2018). 
Data fusion techniques (Ricker et al., 2017) 
and machine learning techniques (Paul et al., 
2018) are used to further decrease uncertainties 
and address data gaps during the summer melt 
season (Landy et al., 2022).

Figure 1.8 shows mean Arctic and Antarctic 
winter sea ice thickness maps derived from 
CryoSat-2 using the methods described 
earlier. These datasets are used to investi-
gate interannual large-scale changes in the 
ITD. However, it is still challenging to infer 
information on smaller scales (<100 m). The 
NASA ICESat-2 satellite launched in 2018 
allows sampling of sea ice surface heights 
every 70  cm using a laser altimeter with a 
footprint of only 11 m, which makes it pos-
sible to identify individual pressure ridges 
from satellite altimetry for the first time 
(Duncan & Farrell, 2022).

Over thin ice, relative thickness uncer-
tainties of altimeters are typically higher. 
Therefore, satellite radiometers, which can 
measure thin ice thickness quite accurately, are 
used to complement altimetry measurements 
to achieve a better representation of the ITD 
across all thickness classes (Ricker et al., 2017). 
A future goal is to enhance spatial resolution, 
reduce uncertainties (such as those caused by 
snow cover, see Chapter 5), and better under-
stand and quantify how small-scale processes 
like ridging and sea ice dynamics affect 
changes of the global ITDs.

1.3.4    Bridging the scales

Sea ice thickness may vary significantly at small 
scales due to the cumulative effects of dynamic 
processes over time, creating patterns that 
resemble signal noise. This becomes clear when 
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1.4  Global sea ice thickness distributions 17

considering small sections of a few kilometers  
along the profile in Figure 1.3. Then, if we 
consider the entire profile over 65  km how-
ever, we find different ice thickness regimes, 
e.g. heavily ridged, thick sea ice (at km 40–55)  
and thin level ice of a refrozen lead ​(at ~60 km)​.  
When we zoom out even further, considering 
pan-Arctic scales (Figure 1.8), we see large pat-
terns of thick and thin ice regimes. Those pat-
terns are an aggregation of small-scale features 
as observed in Figure 1.3. Bridging these scales 
with observational methods is important to 
better understand how local sea ice dynamics 
affect large-scale patterns and to evaluate the 
realism of sea ice models as their spatial resolu-
tion increases.

However, seamless thickness observations 
across different scales are highly challenging 
due to limitations of the different methods 
(Figure 1.5). On-ground thickness observa-
tions can capture the ITD at kilometer-scale 
resolution, but they cannot be consistently 
maintained across the entire Arctic on a reg-
ular basis. On the other hand, airborne – and 
even more so, satellite – measurements are 

limited in accuracy and spatial resolution due 
to their increasing distance from the surface, 
requiring the use of different sensors and 
methods. Eventually, achieving sufficient 
coverage across the poles involves a trade-off 
between accuracy and scope. Thus, studies 
linking multiple measurements across differ-
ent scales are needed (e.g. between ULS/ALS 
and satellite altimeters such as CryoSat-2 or 
ICESat-2). With upcoming advancements in 
measurement techniques (see Section 1.6), 
we expect to gain a better understanding of 
how small-scale dynamic processes in the 
sea ice cover are connected to large-scale pat-
terns of sea ice thickness.

1.4    Global sea ice thickness 
distributions

In the previous sections, we have described 
the physical processes of dynamics and ther-
modynamics forming ridges and leads and 
thus forming heterogeneous sea ice thickness 
on meter scales. Satellites and models are  
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Figure 1.8    Sea ice thickness maps of the northern and southern hemispheres, derived from CryoSat-2, 
shown for March (Arctic) and September (Antarctic) averaged over the years 2011–2019. The sea ice 
thickness estimates come from the European Space Agency Climate Change Initiative Climate Data Record 
(Hendricks et al., 2024a, b). The arrows indicate the sea ice drift averaged over the same period. The drift 
data have been retrieved from the Ocean and Sea Ice Satellite Application Facility (OSI SAF) sea ice drift 
climate data record (OSI-455).
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1  Sea ice thickness distribution18

usually not able to resolve such small features. 
However, due to differences in ocean currents, 
atmospheric patterns, and shorelines that 
form barriers, small-scale thickness variability 
translates into large patterns of different sea 
ice thickness regimes. Mean wintertime sea 
ice thickness fields and ice drift between 
2011 and 2019 are shown in Figure 1.8. The 
sea ice thickness estimates are derived from 
CryoSat-2 altimeter measurements and are 
based on an algorithm that has been developed 
within the ESA Climate Change Initiative to 
generate long data records of sea ice variables, 
including sea ice thickness (Hendricks et al., 
2024a, b). The sea ice drift is derived from 
passive microwave satellite sensors over the 
same period (Chapter 5; Lavergne & Down, 
2023). The large regional differences within 
each hemisphere shown in Figure 1.8 are pri-
marily a result of ice motion and deformation. 
The mean thickness of an ice field is heavily 
influenced by the presence of pressure ridges. 
Consequently, the number and thickness of 
these ridges play a more significant role in 
determining regional mean ice thickness than 
the thermodynamic thickness of level ice. 
Therefore, on a regional scale, the average 
ITD is determined by the prevailing atmo-
spheric circulation regimes, which are respon-
sible for mean ice motion and the dominant 
drift directions. Where the ice drifts against, 
or shears along a coastline, it leads to substan-
tial ice pressure and significant deformation. 
As a result, the mean thickness in regions 
with mean drift convergence is larger than in 
regions with mean divergence.

The arrows in Figure 1.8 illustrate the dom-
inant drift patterns that emerge due to the 
prevailing atmospheric circulation in both 
hemispheres. In the Arctic, two main drift 
systems exist. The Beaufort Gyre is an anticy-
clonic gyre in the Canada Basin. It is caused by 
quasi-permanent high atmospheric pressure 
over the Beaufort Sea. The Beaufort Gyre can 
transport ice floes for several years before they 
are exported into the Transpolar Drift. This 
is the other prominent drift system, which 

transports ice from the source regions on the 
Siberian Shelves within about 1–3 years across 
the North Pole into Fram Strait and the East 
Greenland Current, where it finally melts. 
The Transpolar Drift is mainly driven by 
low-pressure systems passing from the North 
Atlantic into the Barents and Kara Seas. On 
average, these drift patterns push the ice against 
the coasts of northern Canada and Greenland. 
Consequently, because of strong convergence 
and deformation, the thickest ice is found in 
these regions as shown in Figure 1.8. Here, the 
mean maximum thicknesses often exceed 4 m, 
mainly resulting from the large spatial density 
of thick ridges that have been formed over 
several seasons. The youngest and thinnest 
ice is found along the Siberian Shelf, where 
prominent polynyas occur and from where 
newly grown ice is continuously exported into 
the Transpolar Drift (Krumpen et al., 2019). In 
winter, sea ice also extends further to the south 
and a discussion of sea ice thickness in those 
Arctic Marginal Seas is detailed in Chapter 22.

The spatial ITDs shown in Figure 1.8 are 
in good qualitative agreement with airborne 
observations (Ricker et al., 2017; Tilling et al.,  
2018) and maps of modelled ice thickness 
(Boutin et al., 2023).

Considering the Southern Hemisphere, 
Figure 1.8 shows that thicker ice in Antarctica 
is found close to the continent, in accordance 
with the greatest proximity to the pole, and in 
the vicinity of the coast where it is sporadi-
cally compressed. The most prominent feature 
is the thickest ice in the western Weddell Sea. 
On the one hand, this is one of a few regions 
in the Southern Hemisphere where peren-
nial ice, i.e. MYI, exists. On the other hand, 
it is a region where ice drift is directed toward 
the coast, and subsequently much deforma-
tion occurs. The so-called Weddell Gyre is  
caused by low average sea level pressure over 
the central Weddell Sea. It should be noted 
that both the Beaufort Gyre and the Weddell 
Gyre rotate clockwise. However, due to the 
Coriolis force, this results in ice conver-
gence within the gyre center on the Northern 
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1.4  Global sea ice thickness distributions 19

Hemisphere, whereas clockwise circulation 
results in net divergence inside the gyre in 
the south. The exceptionally thick sea ice in 
the western Weddell Sea is, therefore, caused 
by ice motion away from the divergent gyre 
center, with the Antarctic Peninsula being an 
obstacle to the drifting ice.

In past decades, the Arctic lost much of its 
older thick ice (Sumata et al., 2023), while 
until recently, Antarctic sea ice showed even 
a slight increase in extent, with significant 
regional variability (Turner et al., 2015). 
Therefore, while decades ago, Arctic sea ice 
was considered generally thicker than its 
counterpart around Antarctica, this difference 
has become more subtle in recent years with 
the Arctic more and more dominated by FYI. 
Contrasts between both hemispheres are due 
to at least five main differences in the thermo-
dynamic and dynamic boundary conditions of 
ice growth in the Arctic and Southern Ocean 
(see also Chapter 6):

	 1.	 Ocean heat flux:
A fundamental difference between the 
Arctic and Southern Oceans is the much 
stronger stratification of the Arctic Ocean 
that prevents any upward mixing of heat 
from the deeper ocean. The strong strat-
ification is due to a fresh mixed layer in 
the Arctic Ocean disconnected from the 
warmer, more saline deeper ocean. This 
layer is fed by the inflow of fresh water from 
large rivers, mainly from the Siberian con-
tinent. The Arctic Ocean receives approx-
imately 10% of the world river run-off. 
The fresh mixed layer is very stable and 
prohibits any significant heat fluxes from 
the much warmer Atlantic water under-
neath. A typical value for the ocean heat 
flux in the Arctic Ocean is in the range of  
2–8 W m−2. The Atlantic layer at a depth of 
200–300 m is 1–2 °C warm. This heat would 
be sufficient to melt all ice during summer 
(Barry et al., 1993). In the Southern Ocean, 
no rivers enter the seas and icebergs melt 
further to the north. Therefore, the mixed 

layer is much saltier and not well stratified. 
Mean vertical ocean heat fluxes to the sea 
ice amount to between 8 and more than 
20  W m−2 with large regional variability 
(Ackley et al., 2015). However, in the past 
decades, we have observed a growing 
impact of Atlantic water flowing into the 
Arctic Ocean in connection with the dis-
ruption of stratification. This causes the 
warm Atlantic water to mix with the fresh 
water at the surface (Polyakov et al., 2017, 
2023), reducing the sea ice growth during 
the freeze-up, especially in the European 
sector of the Arctic (Belter et al., 2021; 
Ricker et al., 2021).

	 2.	 Snow depth:
With a thermal conductivity between 0.11 
and 0.35 W m−1 K−1 (Chapter 2; Massom 
et al., 2001), snow is a strong thermal insu-
lator. Therefore, ice with a thick snow 
cover grows slower than if the snow were 
thin. The Arctic Ocean is surrounded by 
large landmasses, and during winter, the 
limited availability of moisture sources 
leads to relatively low precipitation. As a 
result, average snow depths on perennial 
ice in spring are only about 0.3 m (Warren 
et al., 1999; Webster et al., 2018). In con-
trast, Antarctic sea ice is usually covered 
by thick snow. On perennial ice in the 
Pacific sector or in the western Weddell 
Sea, the mean snow thickness can be 
larger than 0.5 m (Massom et al., 2001; 
Kwok & Maksym, 2014; Arndt et al., 2021). 
This is because the sea ice areas are sur-
rounded by oceans providing a permanent 
moisture source. As a consequence of the 
thick, insulating snow and the high ocean 
heat fluxes, Antarctic ice may melt at its 
underside even during winter, because the 
temperature gradients through the ice are 
only small (Lytle & Ackley, 1996; Maksym 
et al., 2012). On the other hand, the load 
of thick snow on thin sea ice can lead to 
flooding of the ice surface with sea water. 
This can lead to the formation of so-called 
snow ice – refrozen slush, which, in turn, 
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1  Sea ice thickness distribution20

can contribute significantly to the sea ice 
mass balance (Chapter 2; Massom et al., 
2001). Along with the decreasing ice thick-
ness in the Arctic during the past decades, 
flooding of the snow over thinner ice 
could become more common also in the 
Northern Hemisphere (Rösel et al., 2018).

	 3.	 Ice age:
Although the area of old ice in the Arctic 
has decreased strongly in the past decades 
(Moon et al., 2023), a significant amount 
of Arctic sea ice still drifts for at least two 
years until it melts in summer or until 
it leaves the Basin mostly through Fram 
Strait, where it melts further south. The 
older the sea ice becomes, the more defor-
mation events can thicken it by compress-
ing it into pressure ridges (Krumpen et al.,  
2025). This dynamic thickening is accom-
panied by passing through several winters 
where the ice can also thicken by ther-
modynamic growth until it reaches an 
equilibrium thickness. In contrast, most 
Antarctic ice melts during summer. Thus, 
it rarely becomes older than one year, and 
only a few regions with perennial ice exist 
in the western Weddell Sea and southern 
Bellingshausen, Amundsen, and Ross Seas.

	 4.	 Drift patterns:
The Arctic Ocean is surrounded by con-
tinents, and thus sea ice motion is con-
fined by coasts where the ice converges 
and thickens by deformation, particularly 
north of Canada and Greenland. In con-
trast, ice drift around Antarctica is mostly 
divergent with a net northerly drift com-
ponent toward the surrounding open 
oceans. This divergence also causes the 
opening of polynyas and leads, where new 
thin ice forms, which alters the thickness 
distribution.

	 5.	 Geographic Disparity:
Most of the sea ice in the Arctic is at lat-
itudes north of 70 °N, whereas in the 
Southern Hemisphere, most sea ice 
extends into much lower latitudes, as far 
north as 55 °S. Thus, air temperatures, 
total incoming solar radiation, and the 

length of the summer season are generally 
lower in the Arctic than in the Southern 
Ocean. However, the Antarctic ice sheet 
is a giant cold reservoir, and the sea ice 
region is well isolated from lower lati-
tudes by the atmospheric and oceanic 
flow regimes of the Antarctic Circumpolar 
Current. Therefore, warm and moist air 
advection are not as impactful as they 
are for the Arctic, where land masses and 
ocean currents support their transport to 
high latitudes. This leads to the striking 
difference that strong surface melting 
occurs in summer even at the North Pole 
while melt ponds are rarely observed on 
Antarctic sea ice at much lower latitudes.

The resulting global-scale ice thickness is 
conditioned upon the magnitude and inter-
play of these various aspects. In contrast to 
the Arctic, regional ITDs in the Antarctic are 
less well known, because only a few systematic 
measurements have been performed. However, 
thickness maps derived from visual observa-
tions (Worby et al., 2008), airborne measure-
ments (Kwok & Maksym, 2014), as well as 
satellite missions like CryoSat-2 or ICESat-2 
(Kacimi & Kwok, 2020; Bocquet et al., 2024) 
show similar patterns as those shown in 
Figure 1.8. It should be noted that the drift 
systems and thickness distributions shown in 
Figure 1.8 represent long-term average con-
ditions. There is large seasonal, interannual, 
and decadal variability superimposed on these 
mean patterns.

1.5    Dynamic and thermodynamic 
thickness changes and long-term 
trends

1.5.1    Dynamic and thermodynamic 
thickness change

Sea ice thickness is at the center of the ongoing 
changes in the Arctic because it regulates key 
processes of the Arctic climate system. Recent 
studies have analyzed and quantified the role of 
thermodynamics and dynamics in changing sea 
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1.5 Dynamic and thermodynamic thickness changes and long-term trends 21

ice thickness on pan-Arctic (e.g.  Ricker et al., 
2021 ;  Anheuser et al., 2022 ) and regional scales 
(e.g.  Koo et al., 2021 ; Albedyll et al., 2022). 
 Ricker et al. (2021)  analyzed ice advection, 
deformation, and thermodynamic growth in 
different regions of the Arctic Ocean combining 

long-term thickness and drift observations from 
satellites and model simulations ( Figure  1.9  ). 
Overall, thermodynamic growth dominates 
the volume change on those large scales, while 
dynamic volume change differs significantly 
between regions.  Figure  1.9   also illustrates the 
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  Figure 1.9     Selected Arctic regions and corresponding net winter (November–March) sea ice export/import 
through meridional and zonal boundaries from 2002 to 2019 using satellite-derived sea ice volume fluxes 
(orange slices). Bar charts illustrate mean winter dynamic ice volume growth, mean winter thermodynamic 
growth, and mean winter total volume growth from 2002 to 2019 from the North Atlantic/Arctic Ocean-
Sea Ice Model (NAOSIM), from the Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS), and 
from the European Space Agency Climate Change Initiative Climate Data Record (CCI CDR). Negative values 
indicate net export or melt of sea ice.     Source :  Ricker et al. (2021) /American Meteorological Society [AMS]/
CC BY 4.0. 
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1  Sea ice thickness distribution22

mean export of sea ice in the Laptev and Kara 
Seas, highlighting these regions as key areas of 
sea ice production, where new ice is continu-
ously formed thermodynamically.

On local to regional scales, convergence can 
double the thermodynamic sea ice thickness. 
Thus, convergence plays a key role for the sea 
ice mass balance in geographic regions with 
predominantly convergent ice regimes for cre-
ating and maintaining a thick and stable ice 
cover (Kwok & Cunningham, 2016; Itkin et al., 
2018; Albedyll et al., 2021; Koo et al., 2021). The 
local increase in thickness has consequences 
not only for the regional sea ice extent and 
summer melt but also for the local ecosystem 
as it provides a stable habitat and platform 
for resting and hunting for marine mam-
mals (Post et al., 2013; Schweiger et al., 2021). 
Divergence reduces the mean thickness by add-
ing open water but increases the overall sea 
ice volume by enhancing new ice formation in 
winter. Depending on the dynamic ice regime, 
divergence-induced new ice formation contrib-
utes between 7% and 40% to the Arctic sea ice 
mass balance (Koerner, 1973; Kwok, 2006; Itkin 
et al., 2018; Albedyll et al., 2022), although leads 
are typically short-lived (days) and cover an 

area of a few percent (Wadhams, 2000; Hutter 
et al., 2019; Reiser et al., 2020; von Albedyll  
et al., 2024). As an example, Figure 1.10 shows 
how sea ice deformation impacted the regional 
sea ice mass balance along the drift trajectory of 
the MOSAiC field campaign in 2019/2020 in the 
Transpolar Drift (Albedyll et al., 2022).

Recently, the contribution of dynamics and 
thermodynamics to the sea ice mass balance 
was also analyzed in sea ice and climate 
models (Keen et al., 2021; Smith et al., 2022; 
Boutin et al., 2023).

1.5.2    Long-term trends

Observations from satellites (Kwok, 2018; 
Kacimi & Kwok, 2022; Landy et al., 2022; 
Bocquet et al., 2024), upward-looking sonars 
on submarines (e.g. Rothrock et al., 1999, 
2008), or anchored moorings (e.g. Sumata 
et al., 2023), as well as airborne and in situ 
campaigns (e.g. Haas et al., 2008; Belter 
et al., 2021), have reported on a decline of 
annual mean sea ice thickness at a rate of 
about 10% per decade between 1958 and 2018  
(Figure 1.11; Chapter 7; Meier et al., 2014; 
Lindsay & Schweiger, 2015; Kwok, 2018; 
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Figure 1.10    Seasonal/spatial cycle of sea ice dynamics and thermodynamics along the drift trajectory of 
the MOSAiC field campaign in 2019/2020 in the Transpolar Drift. Source: Albedyll et al. (2022), CC-BY 4.0 
License/The Regents of the University of California/CC BY 4.0.
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1.5  Dynamic and thermodynamic thickness changes and long-term trends 23

Stroeve & Notz, 2018). Most of this change 
happened before 2011; thereafter, the mean 
thickness trends were negligible (Kwok, 2018; 
Kacimi & Kwok, 2024) despite rising air tem-
peratures. However, there are regional and 
seasonal differences in the thickness decline. 
For example, the strongest ice thickness 
change occurred at the North Pole where the 
ice has also continued to thin over the past 
decade as a result of replacement of older ice 
with FYI (Kwok, 2018; Krumpen et al., 2025).

Most of the Arctic sea ice thinning and 
volume loss is associated with the decrease in 

sea ice age (Tschudi et al., 2016; Kwok, 2018; 
Perovich et al., 2020; Sumata et al., 2023).  
The substantial loss of MYI is caused by 
decreasing summer ice extent and, therefore, 
larger regions of FYI formation and higher 
ice drift speeds that reduce the residence 
time of ice in the Arctic Ocean (Stroeve & 
Notz, 2018; Sumata et al., 2023; Krumpen 
et al., 2025). Rising air temperatures due 
to atmospheric greenhouse gas concentra-
tions caused by anthropogenic emissions can 
explain most of the enhanced sea ice melting  
(e.g. Niederdrenk & Notz, 2018), but there is 
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Figure 1.11    Arctic sea ice thickness changes (means) for autumn (red/dotted red) and winter (blue/dotted 
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MDPI/CC BY 4.0.
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1  Sea ice thickness distribution24

also growing evidence for enhanced ocean 
heat flux to the ice due to a destabilized hal-
ocline (“Atlantification”; see Chapter 8) that 
mitigates winter freezing and accelerates 
summer melt (Ricker et al., 2021; Polyakov  
et al., 2023). The reduced residence time leads 
to a thinner, more uniform ice regime with 
less ridges as the ice has less time to experi-
ence deformation events (Figure 1.12).

Recent observational and modeling studies 
also explored the potential of stabilizing or 
negative feedback loops in the “New Arctic.” 
Strongly linked to ice thickness is the ice 
growth feedback that describes that thin ice 
or ice forming from open water, e.g. on the 
ice-free Siberian shelves in autumn, grows 
quicker than thicker ice during the winter, 
compensating partly for the ice thinning 
(Ricker et al., 2021). However, the efficiency 
of this feedback may have already reached 
its maximum (Stroeve et al., 2018; Cornish 
et al., 2022). While the freezing efficiency 
increases due to the ice growth feedback, the 
number of freezing days decreases, because 
the ocean accumulates more heat during 
a longer ice-free season that needs to be 
extracted before freeze-up. Increased dynamic  

thickening and enhanced new ice formation 
due to more ridging and lead formation as a 
consequence of a reduced ice strength seem 
plausible; however, observational studies 
focusing on Arctic lead fractions and LKFs 
could not (yet) confirm such a temporal 
trend of increased dynamic thickening (Wang 
et al., 2016; Willmes & Heinemann, 2016; 
Hutter & Losch, 2020; Krumpen et al., 2025). 
Further negative feedback is associated with 
the increase in outgoing longwave radiation 
during winter and less snow accumulation 
on sea ice during winter resulting in quicker 
ice growth (Chapter 10; Notz, 2009; Tietsche  
et al., 2011).

1.5.3    Consequences  
of thinner ice

A thinner ice cover has multiple implica-
tions for the Arctic climate and ecosystem 
that include, but are not limited to, a general 
reduction in sea ice extent, enhanced sea-
sonality in ice thickness (Massonnet et al., 
2018), greater interannual variability in ice 
extent (e.g. Notz, 2009; Mioduszewski et al., 
2019), increased under-ice light availability  
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Figure 1.12    Mean sea ice thickness distribution in the Fram Strait before and after 2007, based on 
upward-looking sonar measurements in the Fram Strait. Source: Sumata et al. (2023), CC-BY 4.0 License/
Springer Nature/CC-BY 4.0.
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(e.g. Castellani et al., 2021), reduced freshwater 
export to sub-Arctic seas (e.g. Wang et al., 2021), 
reduced resting, reproduction, and hunting 
opportunities for marine mammals (e.g. Post  
et al., 2013), changes in economic explora-
tion (e.g. Gautier et al., 2009; Khon et al., 
2009), and an interrupted sediment transport  
(e.g. Krumpen et al., 2019). With the transition 
from predominantly MYI to FYI in large areas 
of the Arctic, ocean and air drag also reduces 
(Petty et al., 2017; Krumpen et al., 2025), 
with an expected impact on the momentum 
exchange.

1.5.4    Antarctic sea ice thickness 
change

Long-term observations of Antarctic sea ice 
thickness using radar altimetry are sparse as 
the retrieval of sea ice thickness is compli-
cated due to the thick and complex snowpack 
(see “snow ice formation” and Chapter 2). 
Unlike the Arctic, where sea ice has shown a 
clear and consistent decline, the ice around 
Antarctica changed relatively little over most 
of the same period. Thickness estimates based 
on CryoSat-2 measurements show small but 
competing regional thickness changes bet-
ween 2010 and 2021 (Fons et al., 2023; Bocquet  
et al., 2024). However, since 2017, Antarctic  
sea ice experienced sudden drops in extent 
(Purich & Doddridge, 2023). The cause for this 
recent decline and its impact on the ITD are 
currently under investigation. Chapters 6 and 
10 discuss the recent trends in more detail.

1.6    Recent advancements 
and future directions

1.6.1    Sea ice thickness from 
satellites during summer

As described in Section 1.3.3 and Chapter 5,  
global-scale sea ice thickness is primarily 
derived from satellite altimetry, for which the 
discrimination between open water in leads 
and ice floes is essential. However, during 

summer, melt ponds complicate the separa-
tion as their radar signature is very similar 
to those of leads, but their water level may 
not be at sea level. Therefore, the estimation 
of freeboard is difficult. To overcome this 
challenge, Landy et al. (2022) introduce a 
novel approach utilizing deep learning tech-
niques and numerical simulations of the 
CryoSat-2 radar altimeter response to better 
identify returns from leads and to finally 
derive a year-round pan-Arctic sea ice thick-
ness dataset. The obtained data provide 
valuable insights into the changing Arctic 
climate and open up new possibilities for 
enhancing sea ice forecasting in summer, 
with implications for the safety of mari-
time activities and understanding climate 
feedback on different timescales.

1.6.2    Ice thickness distributions 
from the next-generation satellite 
altimeters

Present and future satellite altimeters with 
advancements in sensor development allow 
for higher spatial resolution and improved 
precision in elevation retrievals. The 
NASA ICESat-2 satellite is equipped with 
a photon-counting laser altimeter, sensing 
the surface with six parallel beams that are 
arranged in three pairs. Each beam has a 
nominal footprint diameter of around 11  m 
(Magruder et al., 2020). Together with the 
high pulse repetition rate, this allows for 
unprecedented measurements of sea ice sur-
face topography, and eventually retrievals of 
freeboard and thickness. In fact, in several 
studies (Farrell et al., 2020; Duncan & Farrell, 
2022; Ricker et al., 2023), it has been demon-
strated that it is possible to detect pressure 
ridges and even estimate their heights 
(Figure 1.13). With the capability to capture 
individual pressure ridges, the tail of the ITD –  
the thick ice fraction (Figure 1.3) – will be 
better represented in thickness retrievals 
from next-generation satellite altimeters. 
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While ICESat-2 is already operational, the 
upcoming dual-frequency Ku/Ka-band 
CRISTAL mission will allow for simultaneous 
retrieval of snow depth and sea ice thickness, 
achieving a resolution of less than 100  m 
along track (Kern et al., 2020). This advance-
ment is expected to substantially reduce sea 
ice thickness uncertainties caused by the 

snow layer and greatly improve the ability to 
detect small-scale variations in the ITD.

1.6.3    Monitoring platelet ice 
with EM induction sounding

Along the coast of Antarctica, the melting of 
ice shelves generates supercooled “Ice Shelf 
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Figure 1.13    Sea ice elevation (7.5-km-long) profiles from 3 September 2019 in the Western Arctic,  
derived from three ICESat-2 beams. The background shows a coincident Sentinel-2 image. Source: Farrell  
et al. (2020)/American Geophysical Union/CC BY 4.0.
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Water” (ISW) that flows under adjacent land-
fast sea ice that fringes the ice shelf edges 
(see Chapter 6). The supercooled water leads 
to the formation of large ice crystals under 
the consolidated fast ice, so-called platelet 
ice (Hoppmann et al., 2020). Platelet ice 
may either be incorporated by the growing, 
consolidated ice from above or may form a 
porous sub-ice platelet layer (SIPL; Langhorne 
et al., 2015). SIPLs strongly contribute to the 
growth and thickening of landfast ice, form a 
unique ecological habitat, and are important 
indicators for basal melt processes under ice 
shelves (Hoppmann et al., 2020). Due to their 
buoyancy, they can increase sea ice freeboard, 
which leads to significant overestimation of 
sea ice thickness retrievals from altimetry 
(Price et al., 2014). However, since platelet ice 
is located below the ice, it is difficult to detect 
from above.

Recently, EM induction sounding has been 
used to detect SIPLs and to measure their 
thickness. This takes advantage of the fact 
that the SIPL is porous, and seawater filled,  

and therefore, its electrical conductivity 
is in between that of seawater (typically 
2700 mS  m−1 in the Southern Ocean) 
and consolidated ice (typically few tens 
of mS  m−1). Various studies have applied 
ground-based, single or multifrequency EM 
sensors to map the thickness and conduc-
tivity of the SIPL or to study its temporal 
development (Hunkeler et al., 2016; Brett  
et al., 2024; Neudert et al., 2024). Inversions 
were also developed for airborne EM surveys 
of the presence and thickness of the SIPL, 
offering the opportunity to map the SIPL all 
along the ice shelf fronts of Antarctica and 
to detect and study regions of intense ISW 
outflow (Haas et al., 2021; Langhorne et al., 
2023).

Figure 1.14 shows a time series of EM mea-
surements on fast ice in McMurdo Sound, 
Antarctica. The EM platelet ice thickness 
time series demonstrates the capability of this 
method to provide high-resolution temporal 
monitoring compared to occasional drill-hole 
measurements.
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Figure 1.14    Time series of consolidated ice and sub-ice platelet layer thickness derived from electromagnetic 
thickness sounding between 8 August and 27 October 2018, on fast ice in McMurdo Sound, western Ross Sea. 
Drill-hole measurements are highlighted as triangles. Vertical dashed red lines indicate the onset of platelet 
ice growth events. SIPL, sub-ice platelet layer. Source: Brett et al. (2024), CC-BY 4.0 License/The Cryosphere/CC 
BY 4.0.
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Future developments in EM sounding will 
focus on the better usage and inversion of 
multifrequency data and their application for 
the joint retrieval of ice thickness and other 
sea ice properties like porosity and presence 
and thickness of slush at the snow–ice 
interface.
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