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A model for the consolidation of rafted sea ice
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[1] Rafting is one of the important deformation mechanisms of sea ice. This process is
widespread in the north Caspian Sea, where multiple rafting produces thick sea ice
features, which are a hazard to offshore operations. Here we present a one‐dimensional,
thermal consolidation model for rafted sea ice. We consider the consolidation between the
layers of both a two‐layer and a three‐layer section of rafted sea ice. The rafted ice is
assumed to be composed of layers of sea ice of equal thickness, separated by thin layers of
ocean water. Results show that the thickness of the liquid layer reduced asymptotically
with time, such that there always remained a thin saline liquid layer. We propose that when
the liquid layer is equal to the surface roughness the adjacent layers can be considered
consolidated. Using parameters representative of the north Caspian, the Arctic, and the
Antarctic, our results show that for a choice of standard parameters it took under 15 h for
two layers of rafted sea ice to consolidate. Sensitivity studies showed that the consolidation
model is highly sensitive to the initial thickness of the liquid layer, the fraction of salt
release during freezing, and the height of the surface asperities. We believe that further
investigation of these parameters is needed before any concrete conclusions can be drawn
about rate of consolidation of rafted sea ice features.

Citation: Bailey, E., D. L. Feltham, and P. R. Sammonds (2010), A model for the consolidation of rafted sea ice, J. Geophys.
Res., 115, C04015, doi:10.1029/2008JC005103.

1. Introduction

[2] Driving forces such as offshore winds and ocean
currents can cause ice floes to collide, forming ridges or
rafted sea ice. Ridges are elongated piles of rubble, and
rafting is the overriding of one sheet by another. Various
studies have investigated what conditions are favorable for
rafting to take place as opposed to ridging [Hopkins et al.,
1999; Parmerter, 1975; Tuhkuri and Lensu, 2002; Weeks
and Kovacs, 1970]. These studies have shown that rafting
is most common between thin ice sheets (<0.3 m) of uni-
form thickness. Two types of rafting have been identified:
(1) simple rafting, where the two ice sheets interact along a
straight edge and one sheet “simply” overrides the other,
and (2) finger rafting, where the interacting sheets fracture
along lines perpendicular to their interacting edge and form
fingers. Alternate fingers are then overthrust and under-
thrust, leaving an interlocked structure [Vella and
Wettlaufer, 2007; Vella and Wettlaufer, 2008; Weeks and
Kovacs, 1970].
[3] Multiple rafting is also known to occur in some re-

gions, where ice floes override one another multiple times to

produce thick sea ice features [Babko et al., 2002]. This
process is particularly common in the north Caspian Sea, an
area of particular interest because of its oil and gas reserves.
Multiply rafted sections have been observed to contain up to
13 layers, all of roughly equal thickness, producing struc-
tures that are greater than 4 m in thickness (D. Mayne,
personal communication, 2007). This phenomenon is also
common in the Southern Ocean, where the sea ice thickness
is usually less than a meter [Babko et al., 2002]. For
example,Worby et al. [1996] analyzed 62 ice cores retrieved
from 50 ice floes in the Bellinghausen and Amundsen seas
and found that the floes with an average thickness of 0.9 m
contained around eight distinct layers. In the Arctic, Melling
et al. [1993] also observed that as many as four layers of ice
were rafted in the southeastern Beaufort Sea to produce a
total thickness of ∼6 m.
[4] To date, rafting has not received as much attention in

the literature as ridging. This is perhaps because ridge keels
have been a greater concern for engineers [Hopkins et al.,
1999], or perhaps it is due to the difficulties in identifying
rafted ice thicker than 0.15–0.20 m in aerial imagery or of
any other thickness in laser profiles or under ice sonar
records [Babko et al., 2002].
[5] An ice feature can represent a zone of either weakness

or strength in the ice pack depending on the degree of
consolidation [Hoyland, 2002]. In a rafted section, the layers
of sea ice are initially separated by thin layers of ocean
water. The bonds between the layers are at first weak but
may strengthen with time to produce a coherent ice sheet.
Rafted sea ice is important from both a geophysical and an
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engineering point of view. From a geophysical perspective,
rafted sea ice accounts for a significant fraction of the ice
volume and may help determine the large‐scale strength of
the pack ice. In addition, it seems that rafting plays an
important part in the mechanical redistribution of the sea ice
thickness distribution [Babko et al., 2002; Toyota et al.,
2004]. Poplin and Wang [1994] carried out extensive uni-
axial compression tests on rafted ice samples collected in
Norton Sound, Alaska. Their results showed that on ice
samples cut horizontal to the crystal growth direction, at
strain rates of 10−4 and 10−5 s−1, the mean strengths of
consolidated rafted ice were actually larger (1.55 and
1.06 MPa) than the corresponding landfast samples (1.25 and
0.64 MPa). Since rafted ice loads are usually applied hori-
zontally to offshore structures, this result implies that once
consolidated, rafted ice may be a significant ice hazard.
Therefore, the strength and thickness of rafted ice is also
important in the design and operation of Arctic vessels and
offshore structures [Hopkins et al., 1999].
[6] In this paper we present a one‐dimensional, thermal

consolidation model for rafted sea ice. We first consider the
consolidation of two layers of rafted sea ice and then three
layers of multiply rafted sea ice. The mathematical formu-
lation of the consolidation model and the method of solution
are described in section 2. In section 3, we present the
parameters that are to be used in our simulations that are
specific to the environments of the north Caspian Sea, the
Arctic, and the Antarctic. In section 4, the results of the
numerical simulations are presented, and the sensitivity of
the model to certain parameters is examined. A discussion of
the results and concluding remarks are presented in section 5.

2. Model Description

[7] The consolidation model for rafted sea ice calculates
how long it will take for the layers in a rafted section of sea
ice to effectively bond into a coherent ice sheet. We consider
the consolidation between the layers of both a two‐layer and
a three‐layer section of rafted sea ice. The model is one‐
dimensional, and we confine our attention to regions of
rafted ice that extend over large enough distances that hor-
izontal effects need not be taken into account. The rafted ice
is assumed to be composed of layers of sea ice of equal
thickness, separated by thin layers of ocean water. The thin
layers of ocean water between the ice sheets are observed to
initially form because large surface asperities or fragments
of snow and ice caught between the ice sheets act as spacers,
allowing seawater to flood in. Most samples collected of
multiply rafted sea ice show that the layers in a rafted sec-
tion are of roughly equal thickness. This suggests that the
ice sheets rafted in quick enough succession that thermo-
dynamic growth of the adjacent level ice could not have
taken place during the same rafting event. Therefore, from
the perspective of the model presented in section 2.1, mul-
tiple rafting took place simultaneously. In this section we
describe the mathematical formulation and the method of
solution of the consolidation model.

2.1. Mathematical Formulation

[8] We consider the situation where two identical ice
sheets of initial thickness H0 have rafted, such that there is a

liquid layer of initial thickness h0 located between adjacent
sheets (Figure 1). The sea ice is described as a mushy layer,
a rigid matrix of pure ice immersed in its brine [Feltham et
al., 2006], and the liquid layer is a thin layer of ocean water,
trapped between the asperities of the ice sheets. The internal
temperature of each ice sheet is determined from the non-
linear one‐dimensional heat diffusion equation,

ceff
@T

@t
¼ @

@z
keff

@T

@z

� �
þ AR; ð1Þ

where ceff and keff are the effective volumetric specific heat
capacity and the thermal conductivity of sea ice (both
functions of temperature), respectively, T is the temperature
within the ice sheet, t is time, and z is the vertical spatial
coordinate, which is taken to be positive upward. The final
term, AR, describes the absorption of solar radiation that
penetrates through the upper sea ice surface, which we take
to be

AR ¼ �iI0 1� �ð ÞFSWe��iz; ð2Þ

where �i = 1.5 m−1 is Beer’s extinction coefficient, I0 = 0.4
is the fraction of incident radiation that passes through the
surface into the interior of the ice, a = 0.6 is the albedo for
bare ice, and FSW is the flux of incoming shortwave radia-
tion [Ebert and Curry, 1993; Maykut and Untersteiner,
1971].
[9] The effective volumetric heat capacity and thermal

conductivity of sea ice are given by [Bitz and Lipscomb,
1999; Feltham et al., 2006]

ceff ¼ ci � TL Sbulkð Þ � TL 0ð Þ
�2

L ð3Þ

and

keff ¼ kbi � kbi � kbð ÞTL Sbulkð Þ � TL 0ð Þ
�

; ð4Þ

where TL(Sbulk) is the liquidus (freezing) temperature of sea
ice with a bulk salinity Sbulk, which we take to be uniform
across the sheet, TL(0) is the liquidus temperature of pure
water, � = T − TL(0), L = 3.014 × 108 J m−3 is the volumetric
heat of fusion of pure ice, ci = 1.883 × 106 J (m3 K)−1 is the
volumetric heat capacity of pure ice [Ebert and Curry,
1993], and kbi and kb are the conductivities of bubbly ice
and brine, respectively.
[10] After Schwerdtfeger [1963], we take kbi and kb to be

kbi ¼ 2ki þ ka � 2Va ki � kað Þ
2ki þ ka þ Va ki � kað Þ ki W m Kð Þ�1 ð5Þ

and

kb ¼ 0:4184 1:25þ 0:030 K�1�þ 0:00014 K�2�2
� �

W m Kð Þ�1;

ð6Þ

where ki = 1.16(1.91 − 8.66 × 10−3 K−1 � + 2.97 × 10−5 K−2

�2) W (m K)−1 is the conductivity of pure ice [Sakazume and
Seki, 1978], ka = 0.03 W (m K)−1 is the conductivity of air
[Weeks and Ackley, 1986], and Va = 0.025 is the fractional
volume of air in sea ice [Timco and Frederking, 1996].
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[11] The sea ice is assumed to be in local thermodynamic
equilibrium, which implies that the temperature T and brine
concentration Sbrine lie on the liquidus curve in the phase
diagram for sea ice, i.e., T = TL(Sbrine). The liquidus curve
can be approximated by the liquidus curve for sodium
chloride solution [Notz et al., 2005; Weast, 1971],

TL Sð Þ ¼ �5:33� 10�7S3 � 9:37� 10�6S2 � 0:0592S þ 273:15 K:

ð7Þ

We consider the ice sheets to initially have identical linear
temperature profiles on the basis of the air and sea tem-
peratures at the upper and lower boundaries (Figure 1),
giving the following initial condition:

T ¼ T0 � TL Soceanð Þ
H0

zþ TL Soceanð Þ t ¼ 0ð Þ; ð8Þ

where T0 is the temperature at the upper surface, TL(Socean)
is the freezing temperature at the salinity of the ocean Socean,
and H0 is the initial thickness of the ice slabs.

[12] In the absence of surface melting, the net flux, (Fnet)0,
at the upper surface of the rafted ice (x = hs), must balance
the conductive flux, −keff ∂T/∂x, at the surface, such that

Fnetð Þ0 � "i FLW � �T4
0

� �þ ð1� �Þ 1� I0ð ÞFSW � Fsens � Flat

¼ �keff
@T

@z
z ¼ hsð Þ; ð9Þ

where "i = 0.99 is the emissivity of bare ice, FLW is the
flux of downward longwave radiation, s = 5.67 × 10−8 J
(K4 m2 s)−1 is the Stefan‐Boltzmann constant, and Fsens

and Flat are the sensible and latent heat fluxes [Ebert and
Curry, 1993; Maykut and Untersteiner, 1971; Taylor and
Feltham, 2004].
[13] At the interior interfaces (z = ha, hb), i.e., the inter-

faces above and below the liquid layer, the boundary con-
ditions are

T ¼ TL Sliquid
� �

z ¼ ha; hbð Þ ð10Þ

Figure 1. Schematic of the consolidation model illustrating how the temperature profiles, the thickness
of the ice sheets, and the liquid layer evolve with time. H0 and h0 are the initial thicknesses of the ice
sheets and the liquid layer, respectively, and H1,2 and ht are the thicknesses at a later time t. T0 is the initial
temperature at the ice‐atmosphere interface, TL is the liquidus temperatures in the liquid layer (and is also
a function of time), and TL‐ocean is the liquidus temperature of the ocean. The dashed lines at the interfaces
between the ice sheets and the liquid layer and the lower ice sheet and the ocean indicate the movement of
these interfaces due to freezing, where ha is the location of the freezing front above the liquid layer, hb is
the location of the freezing front below the liquid layer, and hocean is the location of the freezing front at
the ice‐ocean interface. The bolder lines denote the temperature profiles in the ice sheets and the liquid
layer: the solid line depicts the initial temperature in the ice sheets and the liquid layer, and the dotted and
dashed lines depict the temperature at later times.
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and

L�
�brine
�ice

� �
dh

dt
¼ keff

@T

@z
z ¼ ha; hbð Þ; ð11Þ

where Sliquid is the salinity of the liquid layer, � = 1 − Sbulk/
Sliquid is the local solid fraction per unit volume of the sea
ice, dh/dt is the velocity of the respective boundary, and ∂T/
∂z is the temperature gradient in the ice at the boundary.
[14] At the sea ice–ocean boundary (z = hocean), the sea ice

is held constant at the freezing temperature of the ocean,

T ¼ TL Soceanð Þ z ¼ hoceanð Þ: ð12Þ

The ice growth rate at the ice‐ocean boundary is given by
the Stefan condition,

L�
�brine
�ice

� �
dhocean
dt

¼ keff
@T

@z
þ Focean z ¼ hoceanð Þ; ð13Þ

where Focean is the heat flux from the ocean directed into the
base of the ice sheet. The adoption of a nonzero solid
fraction at the sea ice–ocean interface, �(z = hocean) = 1 −
Sbulk/Socean, where Sbulk is a constant, is an approximation in
that Sbulk will vary throughout the interface region [Notz and
Worster, 2008]. Here the approximation implies we are
tracking the location of the “consolidated” ice‐ocean inter-
face. This approximation conveys the mathematical advan-
tage that the interface location can be determined explicitly
(rather than using an implicit numerical technique) and leads
to little numerical error [Feltham, 1998]. We have assumed
that upon freezing, the liquid expanded by 9%, i.e., rbrine/
rice = 1.09 [Pounder, 1965].
[15] Since the liquid layer is narrow, salt diffusion main-

tains a uniform salinity inside the liquid layer on the time
scale of changes in diffusive heat flux in the surrounding ice
sheets provided that (h/H)2 � Le, where h is the liquid layer
thickness, H is the ice layer thickness, and Le is the Lewis
number, defined as the diffusion rate of salt divided by
the effective thermal diffusivity of sea ice and equal to
approximately 10−2 [Feltham, 1998]. For the calculations
presented here, this condition is satisfied, and therefore, the
temperature of the liquid layer Tliquid is uniform and equal to
the local liquidus temperature,

Tliquid ¼ TL Sliquid
� �

: ð14Þ

[16] We assume that the liquid layer initially consists of
ocean water, and as it freezes, a fraction f′ of the salt orig-
inally contained in the seawater is released into the liquid
layer. This assumption is based upon the observation that
the liquid layer becomes increasingly salty as freezing
progresses (see section 3). We believe that brine is released
only from the freezing at the upper layer, so that conser-
vation of salt implies

Sliquid ¼ Socean þ f
0 �ha
ht

Socean; ð15Þ

where Dha is the amount of freezing at the upper layer and
ht is the thickness of the liquid layer at time t. In the

experiments described in section 3 it was impractical to
measure Dha, but the liquid layer thickness could be mea-
sured. Therefore, for the purposes of comparison with
observations, and because the error it introduces is small
compared with uncertainty in the measurement of the liquid
layer salinity, we assume that Dha = f ″Dhb, where f ″ is a
constant and Dhb is the amount of freezing at the lower
layer. Then, since Dha = h0 − ht − Dhb, we can rewrite
conservation of salt as

Sliquid ¼ Socean þ fSocean
h0
�
ht
� 1

� �
; ð16Þ

where f = f ′/(1 + f ″). The rate of change of ht can be deduced
from the difference in the Stefan conditions at the bound-
aries above and below the liquid layer, so that

dht
dt

¼ keff
�L

�ice
�brine

@Ta
@z

� @Tb
@z

� �
; ð17Þ

where ∂Ta/∂z and ∂Tb/∂z are the temperature gradients at the
boundaries above (z = ha) and below (z = hb) the liquid
layer, respectively. The system of equations (1)–(17) com-
prises a closed partial differential, initial boundary value
problem.
[17] When considering the consolidation of three layers of

rafted sea ice, we assume that the three layers are separated
by two thin layers of ocean water that are initially of equal
thickness. The mushy layer equations described above are
used to determine the vertical heat transport within the ice
sheets (equations (1)–(7)) and are subject to the same initial
condition (equation (8)) and boundary conditions that
describe the heat fluxes at the ice‐atmosphere interface
(equation (9)), the ice‐liquid layer interfaces (equations (10)
and (11)), and the ice‐ocean interface (equations (12) and
(13)). The rate at which the liquid layers reduce with time
is then determined from the difference in the Stefan con-
ditions at the respective interfaces (equation (17)).

2.2. Method of Solution

[18] The model described in section 2.1 was coded in
MATLAB. The heat diffusion equation (equation (1)) was
solved for each ice sheet using a grid spacing of 2 mm and a
time step of 1 s. Every 3 s the thickness of the liquid layers
was calculated (equation (17)), and the local liquidus tem-
perature (equation (14)), the solid fraction, and the thickness
of the ice slabs were updated.
[19] Initial runs revealed that when the fraction of salt

released into the liquid layer (f) is greater than zero, the
thickness of the liquid layers reduced asymptotically with
time, such that there always remained a thin saline liquid
layer. Complete solidification of the liquid layer will occur
only if the temperature reaches the eutectic temperature of
the seawater. We know from field observations that the
layers of ice do, in fact, consolidate. Our model assumes that
the surfaces of the ice slabs are smooth, whereas, in reality,
they are rough. At some stage the surface asperities will
grow sufficient in size to effectively bond the slabs together.
We therefore imposed a “cutoff” in the program such that
when the liquid layer reaches the size of the surface
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asperities (hsa), the adjacent ice sheets can be considered
consolidated.

3. Model Parameters

[20] The model was run using parameters typical to the
environments of the north Caspian Sea, the Arctic, and
the Antarctic (see Table 1). Constant values were used for
the forcing data (FLW, FSW, Fsens, Flat, Focean), the ocean
salinity (Socean), and the bulk salinity of the sea ice (Sbulk).

The atmospheric data (FLW, FSW, Fsens, Flat) were calculated
from averages of the coldest months in the respective
locations, using data collected during the Surface Heat
Budget of the Arctic Ocean (SHEBA) experiment for the
Arctic and the National Centers for Environmental Predic-
tion for the north Caspian and the Antarctic. The oceanic
heat flux (Focean) was set to 3 W m−2 for the Arctic and the
Antarctic and 9.7 W m−2 for the north Caspian. These values
were based on data collected over first‐year sea ice in the
Arctic between November 1997 and February 1998 as part
of the SHEBA project [Perovich and Elder, 2002] and data
collected in the north Caspian Sea.
[21] The fraction of salt (f) that is released into the liquid

layer from the freezing interfaces was calculated from a
series of consolidation experiments that were carried out on
rafted sea ice in the Hamburg Ship Model Basin (HSVA).
Salinity measurements were made of the upper liquid layer
of a three‐layer section of multiply rafted sea ice by drilling
a hole down to the layer and sampling the liquid with a
pipette. The salinity and temperature of the sample were
then recorded using the WTW conductometer (LF191). The
results of this experiment showed that as the thickness of the
liquid layer decreased, the salinity of the layer gradually
increased. From conservation of salt, f was calculated from

f ¼ St � Socean
Socean

1

h0=hsa � 1
; ð18Þ

Table 1. Parameters Used for Our Model Calculation

Forcing Data North Caspian Sea Arctic Antarctic

FLW (W m−2) 205a 154.52b 158c

FSW (W m−2) 76a 0b 0c

Fsens (W m−2) 3a 5.7b 43c

Flat (W m−2) −1a 0.5b −3c
Focean (W m−2) 9.7 3d 3d

Socean (ppt) 6 33 35
Sbulk (ppt) 1 5 5
f (%) 27 27 27
hsa (mm) 0.5 0.5 0.5
h0 (mm) 5 5 5
H0 (m) 0.2 0.2 0.2

aMean for January 2008 provided by the National Centers for Envi‐
ronmental Prediction (NCEP).

bMean for December 1998 taken from atmospheric SHEBA data.
cMean for July 2007 provided by NCEP.
dPerovich and Elder [2002].

Figure 2. Dependence of the fraction of salt released ( f ) into the liquid layer on the surface asperity
height (has), based on data collected during the HSVA ice tank experiments.
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where St = 77.3 parts per thousand (ppt) is the concentration
of the liquid layer immediately prior to the upper two layers
of ice becoming consolidated, Socean = 32.8 ppt is the con-
centration of the tank water prior to commencing the
experiment, h0 = 3 mm is the initial thickness of the liquid
layer, and hsa is the surface asperity height. The mechanism
by which a fraction of the salt is released from the sea ice
formed as the liquid layer freezes is not entirely clear. We
speculate that the mechanism involved is brine convection
highly localized to the vicinity of the interface between the
ice and liquid layer, probably at a length scale of the order of
the crystal spacing itself. Brine convection is discussed in
more detail by Notz and Worster [2008].
[22] A plot of hsa versus f is shown in Figure 2. The plot

shows that on the basis of equation (18) the surface asperity
height lies in the range of 0 to 1.27 mm. For our simulations,
hsa was set to 0.5 mm, making the fraction of salt released f
equal to 27% (f′ is approximately twice this value if one
considers salt release only from freezing at the upper surface

of the liquid layer and roughly equal freezing rates at the
upper and lower interfaces).

4. Numerical Simulations

[23] In this section we present the results of our simula-
tions. First, we describe the results for simple rafting and
then multiple rafting. After this we present a series of sen-
sitivity tests that were performed in order to test the model’s
sensitivity to certain parameters.

4.1. Simple Rafting

[24] The model was run for two layers of simply rafted sea
ice using parameters typical of the environments of the north
Caspian, the Arctic, and the Antarctic (see Table 2). The
results show that the ice sheets all consolidated in under 15
h (900 min). The quickest rate was by far the north Caspian,
followed by the Antarctic, and then, finally, the Arctic.
[25] Figure 3 shows the variation in the thickness of the

liquid layer and its temperature with time. Figure 3 shows
that as the thickness of the liquid layers reduces, so does the
temperature of the liquid layer. This is because as the liquid
layer freezes, increasing amounts of salt are released into the
liquid layer, therefore reducing its freezing temperature.
Figure 3b shows that prior to consolidation, the temperature
of the liquid layer reduced to 265.5 K (−7.65°C), which

Table 2. Results for the Rate of Consolidation of Two Layers of
Rafted Sea Ice

Location Rate of Consolidation (min)

Caspian Sea 80
Arctic 891
Antarctic 542

Figure 3. The evolution of (a) the thickness of the liquid layer and (b) the temperature in the liquid layer
with time, using parameters representative of the Arctic.
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corresponds to salinity of 113 ppt (calculated by inverting
equation (7)).
[26] Figure 4 shows the evolution of the temperature

profiles in each ice sheet for the Arctic. This is of interest
because the rate of consolidation is dependent on the
temperature gradient on either side of the liquid layer
(equation (17)). Figure 4a represents the ice sheet that is in
contact with the atmosphere, and Figure 4b represents the
ice sheet that is in contact with the ocean. The dotted line
shows the initial condition, and the solid line shows the
temperature profile when the upper layer has consolidated.
Figure 4 shows that the temperature in the ice sheets is
initially linear and then gradually evolves to reestablish an
almost linear temperature profile throughout the two ice
sheets.

4.2. Multiple Rafting

[27] In this section we present the results for a three‐layer,
multiply rafted section of sea ice (see Table 3). The results
show that using parameters representative of the north
Caspian Sea, it took 80 min for the ice sheets to consolidate,
whereas when using Arctic and Antarctic parameters it took
significantly longer to freeze. This is principally due to the
differences in the salinity of the ocean and the sea ice. In
each case the upper liquid layer froze faster than the lower
layer did, which is as we would expect as the upper layer is
close to the colder temperatures of the atmosphere. The time

difference in the case of the north Caspian is, however, very
small, indicating that there are enough cold reserves within
the ice sheets to freeze both liquid layers almost simulta-
neously, which might explain why multiple rafting is a
predominant ice hazard in the region. It is also interesting to
note that in the cases of the Arctic and the Antarctic the
consolidation time for the upper liquid layer was ∼0.7 times
shorter than the consolidation time for two layers of rafted
ice (comparing Tables 2 and 3), indicating the effect that the
oceanic heat flux and ocean temperature have on the con-
solidation process.
[28] Figure 5 shows the evolution of the temperature

profiles in three layers of multiply rafted sea ice using
parameters representative of the Arctic. Figure 5a represents
the ice sheet that is in contact with the atmosphere, Figure 5b
represents the ice sheet that is in the center of the rafted
section, and Figure 5c represents the ice sheet that is in

Figure 4. The evolution of the temperature profiles in a two‐layer rafted section of sea ice using para-
meters representative of the Arctic: (a) the ice sheet that is in contact with the atmosphere and (b) the ice
sheet that is in contact with the ocean. The dotted line shows the initial condition, the dashed‐dotted line
shows the temperature at 100 min, the dashed line shows the temperature at 446 min, and the solid line
shows the temperature profile when the liquid layer has consolidated (at 891 min).

Table 3. Results for the Rate of Consolidation of Three Layers of
Multiply Rafted Sea Ice

Model Run

Rate of Consolidation (min)

Upper Liquid Layer Lower Liquid Layer

Caspian Sea 78 80
Arctic 640 2198
Antarctic 423 1783
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contact with the ocean. The dotted line shows the initial
condition, and the solid line shows the temperature profile
when the upper layer consolidated. Figure 5 shows that the
temperature at the upper liquid layer decreases with time
until it consolidates at 640 min. The adjacent ice sheets were
then merged, and the program continued until the lower
liquid layer consolidated (see Figure 6). Figure 6 shows that
the temperature of the lower liquid layer is now decreasing
with time until it freezes after 2198 min.

4.3. Sensitivity Studies

[29] Since it is the first time that the consolidation of
rafted sea ice has been investigated numerically, it is im-
portant to investigate the model’s sensitivity to certain
parameters that are not well known. To do such an analysis,
a standard case must first be chosen, which we take to be the
parameters for the Arctic listed in Table 1. In each sensi-
tivity study, multiple runs were made, varying one param-
eter at a time, within a conceivable range, while holding the
others constant at the standard case values. The parameters
we examine are the initial liquid layer thickness h0, the
initial ice thickness H0, the bulk salinity of the sea ice Sbulk,
the salinity of the ocean Socean, the fraction of salt released
into the liquid layer f, the surface asperity height hsa, and the
forcing data (FLW, FSW, Fsens, Flat, Focean).

[30] The dependence of the consolidation time (Ctime)
on h0, H0, Sbulk, Socean, f, and hsa is shown in Figure 7.
Figure 7a shows the dependence of Ctime on h0. Figure 7a
shows that the larger h0 is, the longer Ctime is. When h0 is
below 3 mm, Ctime is very rapid, and for thicknesses greater
than 4 mm, Ctime increases by almost a factor of 3 for every
millimeter increase in h0. For values greater than 6 mm,
model runs showed the liquid layer did not consolidate and
started to rise after about 6000 min (see Figure 8). Figure 9
shows the temperature profiles for when h0 was set to 7 mm.
The solid lines show the temperature profiles in the ice
sheets when the liquid layer thickness started to increase (at
5847 min). At this point, the temperature profiles are linear
and of negative gradient, which promotes “melting” at the
top of the lower ice sheet and freezing at the base of the
upper ice sheet. We put the term melting in quotation marks
because what is driving the phase change is the difference in
salinity of the liquid layer and ice sheet; technically, the
lower ice layer is said to dissolve, rather than melt [Woods,
1992]. What drives the heat transport into the liquid layer is
the fact that the temperature of the liquid layer, being at the
liquidus temperature appropriate to its high salinity, is lower
than the temperature in the lower ice sheet. Sensible heat is
extracted from the lower ice layer and converted into the
latent heat of the liquid phase. Since the base of the ice sheet

Figure 5. The evolution of the temperature profiles in a three‐layer section of rafted sea ice using para-
meters specific to the Arctic: (a) the ice sheet that is in contact with the atmosphere, (b) the ice sheet that is
in the center of the rafted section, and (c) the ice sheet that is in contact with the ocean. The dotted line
shows the initial condition, the dashed‐dotted line shows the temperature at 160 min, the dashed line
shows the temperature at 320 min, and the solid line shows the temperature profile when the upper layer
has consolidated (at 640 min).
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above the liquid layer is freezing and the top of the ice sheet
below the liquid layer is melting, the liquid layer is
migrating downward. To investigate this, we plotted the
location of the freezing fronts with time (see Figure 10).
Figure 10 shows that after an initial rise both liquid layers
have migrated downward by ∼0.1 m in about 6000 min.

[31] Figure 7b shows the dependence of Ctime on H0.
Figure 7b shows that at both large and small ice layer
thicknesses, the consolidation time increases. At large H0

this is due to the reduced extraction of heat from the liquid
layer to the atmosphere through the upper ice layer. At low
H0, the rate of diffusion of heat from the ocean into the

Figure 6. The evolution of the temperature profiles after the top two ice sheets shown in Figure 4 have
frozen together: (a) the consolidated top two ice sheets and (b) the remaining ice sheet that is in contact
with the ocean. The dotted line shows the temperature profile when the upper liquid layer consolidated
(640 min), the solid line shows the temperature when the bottom liquid layer consolidated (2198 min),
and the dashed line is midway between these two points (1419 min).

Figure 7. Dependence of the consolidation time (Ctime) in minutes on (a) the initial liquid layer thickness
h0, (b) the initial ice thickness H0, (c) the bulk salinity of the sea ice Sbulk, (d) the salinity of the ocean
Socean, (e) the fraction of salt released into the liquid layer f, and (f) the surface asperity height hsa. The
solid line and the dashed line show the simulations run with parameters specific to the Arctic and the
north Caspian, respectively.
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liquid layer through the lower layer ice sheet is enhanced,
slowing down consolidation.
[32] Figure 7c shows the model’s sensitivity to Sbulk. The

plot shows that the higher Sbulk is, the larger Ctime is. This is
because an increase in Sbulk lowers the thermal conductivity
of the sea ice and increases its specific heat capacity, which
reduces the ability of the sea ice to conduct heat away to the
atmosphere, thus retarding the consolidation time.
[33] Figure 7d shows that the greater Socean is, the greater

Ctime is. This is because an increase in Socean lowers the
freezing temperature of the ocean, thereby decreasing
the initial temperature gradients in the ice sheets and thus
the diffusional heat fluxes through them, so that Ctime is
increased. In addition, an increase in Socean also increases the
initial salinity of the liquid layer, such that as consolidation
proceeds, the liquid layer gets increasingly salty. At the high
salinities reached just prior to the consolidation (∼110 ppt
using standard case parameters) the nonlinearity of the li-
quidus curve causes a greater than linear decrease in the
freezing temperature of the liquid layer, which acts to fur-
ther retard the consolidation time. This is why in Figure 7d
we see a greater than linear increase in Ctime for salinities
higher than ∼20 ppt, despite the fact that it has little effect on
the freezing temperature of the ocean.
[34] To explore the uncertainty in the brine release pro-

cess, the dependence of Ctime on f for both the Arctic and

north Caspian parameters was investigated while hsa was
held constant at 0.5 mm (see Figure 7e). As the fraction of
salt released into the liquid layer during freezing f increases,
the consolidation time increases because the freezing tem-
perature of the liquid layer decreases. Figure 6e shows that
for f greater than 35%, there are no points for the Arctic; this
is because under these conditions the liquid layer did not
consolidate. Conversely, for the north Caspian the effect of
varying f from 0% to 100% varied the consolidation time
between 30 and 1000 min. This is due to the differences in
the salinity of the seawater.
[35] Figure 7f shows the sensitivity of the model to the

surface asperity height hsa. Figure 7f shows that the smaller
hsa is, the greater Ctime is. This makes sense since the smaller
the surface roughness, the greater the quantity of liquid that
has to freeze before the asperities can effectively bond.
[36] The sensitivity of the model to the forcing data is

shown in Figure 11. Figure 11 shows that Ctime is sensitive
to the incoming longwave, FLW, and shortwave, FSW, ra-
diation and the sensible Fsens and the latent heat Flat fluxes
and rather insensitive to changes in the oceanic heat flux
Focean. Since the variation in the radiative fluxes tends to be
larger than the variation in the sensible and latent heat
fluxes, changes in the radiative fluxes will tend to have a
greater influence on the consolidation time. Note that in
Figure 11b, FSW is varied only from 0 to 125 W m−2. This is

Figure 8. The rate at which the thickness of the liquid layer (ht) is reducing with time in minutes when
h0 = 7 mm. The enlarged plot shows a zoom of the area in the dashed box.
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because for values higher than 125 W m−2 the ice sheets did
not freeze.

5. Discussion and Concluding Remarks

[37] We have presented a one‐dimensional, thermal con-
solidation model for rafted sea ice. Initial runs revealed that
when f was greater than zero, the thickness of the liquid
layers between the ice sheets reduced asymptotically with
time, such that there always remained a thin saline liquid
layer. Under these circumstances the ice sheets will never
freeze. We therefore proposed a cutoff, such that when the
liquid layer reached the size of the surface asperities the
adjacent ice sheets could be considered consolidated.
[38] On the basis of our consolidation experiments that

were carried out at the HSVA ice basin the surface asperity
height was calculated to be between 0 and 1.27 mm. The
experiments showed that the salinity of the liquid layer
gradually increased with time, therefore indicating that there
was a fraction of salt being released into the liquid layer.
The fraction of salt that is being released, however, is
somewhat uncertain because of the logistics of sampling
such a tiny quantity of liquid. Our experimental results
showed that prior to the top two layers of a three‐layer stack
becoming consolidated the salinity had reached 77.3 ppt.
This therefore shows that brine is being released from the
newly forming sea ice and/or that brine is draining out from
the ice sheet above into the liquid layer. We speculate that
the mechanism responsible for removing salt from the sea
ice is highly localized brine convection at the ice‐liquid
layer interface.

[39] We considered the consolidation of both two layers
and three layers of rafted sea ice. The results showed, using
the parameters representative of the north Caspian, Antarc-
tic, and Arctic, that it took about 1, 9, and 15 h, respectively,
for two layers of rafted sea ice to consolidate. The consol-
idation time for three layers of ice in the north Caspian was
the same as that for two layers of ice, indicating that there
are enough cold reserves within the ice sheets to freeze the
liquid layers. Conversely, it took significantly longer for
three layers of rafted ice to freeze in the Antarctic (30 h) and
the Arctic (37 h). The rapid consolidation of rafted ice in the
Caspian Sea is due to the low salinity (6 ppt) of the water.
Rapid consolidation might also permit subsequent rafting of
the consolidated layers and may help to explain the preva-
lence of multiply rafted ice in the region.
[40] A number of sensitivity studies were conducted to

determine the effect variations in model parameters and
forcing fluxes had on the consolidation time for simply
rafted Arctic sea ice. The results showed that typical var-
iations in the oceanic heat flux and the sensible and latent
heat fluxes had little effect on the consolidation time.
However, the model was highly sensitive to changes in the
initial thickness of the liquid layer h0, the ice thickness, the
salinity of the ocean, the fraction of salt release during
freezing f, the surface asperity height hsa, and the downward
radiative fluxes. Most of these parameters can be quite well
constrained because they have been widely researched;
however, h0, f, and hsa are not well known. Therefore, we
believe that further investigation of these parameters is
needed before any concrete conclusions can be drawn about
the rate of consolidation of rafted sea ice features.

Figure 9. The temperature profiles in the ice sheets when h0 = 7 mm. The dotted line shows the initial
condition, and the solid line shows the temperature distribution when the liquid layer started to rise.
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Figure 11. Dependence of the consolidation time (Ctime) in minutes on (a) the downward longwave ra-
diation flux FLW, (b) the downward shortwave radiation flux FSW, (c) the sensible heat flux Fsens, (d) the
latent heat flux Flat, and (e) the oceanic heat flux Focean.

Figure 10. Location of the freezing fronts with time when h0 = 7 mm.
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[41] To our knowledge, there is no published experi-
mental work on the consolidation of rafted sea ice, which is
surprising considering it is one of the important deformation
mechanisms in sea ice. Marchenko and Chenot [2009]
carried out some consolidation experiments on drifting ice
in the Barents Sea in April 2006. They measured the co-
hesion between two submerged ice disks that were ∼15 cm
in diameter and 3–4 cm thick and found that after a period of
2 days the disks had not frozen together. They also sub-
merged an ice beam that had dimensions of 3 × 0.5 × 0.5 m
below level ice and found that after a day it was still possible
to move the beam using a shovel. While these results are
inconclusive, they suggest that in some circumstances the
ice sheets will never consolidate or will take a long time to
consolidate.
[42] One of the questions that keeps coming up in dis-

cussions on the consolidation process of rafted sea ice is,
does brine drainage occur throughout the ice layer? Brine
drainage is the name given to density‐driven convective
overturning of brine within the sea ice and/or the ocean
water immediately below the sea ice layer. The effect of
brine drainage could be to replace the concentrated brine
within the liquid layer with less saline brine, which would
allow the liquid layers to freeze at a faster rate.
[43] For brine drainage to occur there needs to be suffi-

cient forcing (e.g., buoyancy forcing), and the ice needs to
be sufficiently permeable. The “law of fives” states that if
the brine volume of sea ice is greater than 5%, the ice is
sufficiently permeable for brine to travel through the ice
given sufficient forcing [Golden et al., 1998]. This brine
volume corresponds to a temperature warmer than −5°C at a
salinity of 5 ppt [Frankenstein and Garner, 1967]. In our
model calculations for the Arctic and Antarctic we used a
bulk salinity of 5 ppt, and the respective temperature plots
(Figures 3, 4, and 5) show that the temperature exceeds −5°C
only directly above and below the liquid layer and at the ice‐
ocean interface. Therefore, on the basis of this law, the ice
would only be sufficiently permeable in these regions for
brine drainage to occur. (In the case of the north Caspian the
low salinity of sea ice means that the ice would not be
sufficiently permeable for brine drainage to occur.) In par-
ticular, this means that even if a positive hydraulic head is
produced during the rafting process, flushing will not occur
in the winter cases we consider.
[44] Theoretical and experimental studies on the convec-

tion of mushy layers have shown that for convective over-
turning or gravity drainage to occur in sea ice, the local
Rayleigh number must exceed a critical value Rac ∼ 10
[Worster, 1992, 2000; Wettlaufer et al., 1997; Notz and
Worster, 2008]. We therefore calculated the Rayleigh
number at different stages during the consolidation process
for the Arctic, the Antarctic, and the north Caspian. The
results showed that the Rayleigh number did not exceed Rac
at any point. Therefore, on the basis of our calculations of
the law of fives and the Rayleigh number we believe that
there would be no brine drainage during the consolidation
process and if there were it would take place only in
localized regions directly above and below the liquid layer
and at the ice‐ocean interface. Certainly, there was no evi-
dence of brine drainage throughout the ice sheets in our
experiments in the HSVA. Salinity measurements of sail
blocks from an ice ridge in the Barents Sea lend some

support to our calculations [Bonnemaire et al., 2003]. The
sail blocks consisted of four layers of rafted ice, each 0.3 m
in thickness, and had C‐shaped salinity profiles repeating
over the thickness of each layer, suggesting that layers of ice
had consolidated without brine drainage taking place.
[45] Despite the importance of rafting, it has drawn very

little attention in comparison to ridging over the past decade.
Given that with the effects of global warming there is
expected to be an overall thinning of sea ice in the Arctic
[Solomon et al., 2007], rafting and ridging events are likely
to increase. Therefore, we believe that a greater under-
standing of rafted sea ice is going to be of importance in the
years to come. We hope that this paper encourages future
modeling, experiments, and fieldwork on rafted sea ice to
help improve understanding of the consolidation process.
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