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Abstract: In order to understand the transition in sea ice, snow transformation, and

temperature variations, we carried out tank experiments in a cold room. In the

melting experiment of bare ice, the transition of the condition of the ice surface was

observed through visual observations and reflectance measurements. The first change

was manifested in the surface becoming wet and acquiring a rough texture. Subse-

quently, a porous layer was formed under the ice surface. Since this layer scattered

the incident light, it appeared as a bright surface. The reflectance of this surface was

high as compared with that measured during the initial stages of melting. However,

this thin scattering layer disappeared as the melting progressed. As a result, the

reflectance was reduced to its value during the initial stage of melting. In the melting

experiments on snow covered sea ice, the structure of snow-ice became porous and

mechanically weak before the thickness reduction commenced. The temperature

gradients of bare ice and snow covered ice were small during the melting process

compared to those during the growth period.

key words: melting experiment, sea ice transition, porous layer, temperature varia-

tion, snow transformation

+. Introduction

The decay of sea ice involves complex mechanisms because the heat of fusion is

used not only for e#ecting a reduction in thickness but also for forming a porous

structure. Snow transformation on sea ice exhibits various processes as snow on sea ice

has always transformed. Although there have been a few experimental studies and field

observations on sea ice decay and snow transformation (e.g., Shokr and Barber, +33.;
Kawamura et al., +331; Haas et al., ,**+; Massom et al., ,**+), the processes involved

in sea ice are not yet clear.

In previous studies of sea ice decay, Toyota et al. (,***) carried out ship observa-

tions in early February +330 and +331 in the Sea of Okhotsk. They confirmed that

surface melting can occur in the daytime due to solar radiation even during the growth

period. This suggests that sea ice melting occurs frequently in the Sea of Okhotsk. A
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water tank experiment can provide an ideal alternative to field studies because of the

stable experimental environment. Tison et al. (,**,) carried out a tank experiment on

the growth�melt�re-growth cycle on bare ice. They observed vertical temperature

profiles in sea ice during the experiment. During the growth period, strong tempera-

ture gradients existed. The temperature gradients became quasi-isothermal during the

melting period, but strong gradients were reestablished during the re-growth period.

We carried out growth�melt experiments on snow covered ice as well as on bare ice.

We observed the temperature variations and compared them with Tison’s results.

In this study, we specifically observed the transition of the surface conditions of

bare ice during the melting period. The surface transition in sea ice is the key factor for

understanding the heat exchange between sea ice and the atmosphere. The surface

transition also a#ects satellite observations. This study has focused on the basic

condition of ice. We also investigated the temperature variations in bare ice and in

snow covered ice. While studying the processes of snow transformation, it was

observed that the temperature variations in sea ice are influenced by the snow.

,. Experiment

Figure + is a schematic diagram of our apparatus. The water tank is constructed

from a +/mm-thick plate of clear acrylic plastic. Its inner dimensions are 2**�2**
mm and it is 0**mm in height. We filled the water tank with a -,� NaCl solution,

which has a freezing temperature of �+.2�C. The water depth was maintained at /**
mm in all the experiments. Artificial sea ice was produced using this water tank. All

Fig. +. A schematic diagram of the apparatus. For simplicity, the stirrer and data loggers are not

shown. The sensor for measurement of room temperature is also not shown.
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the sidewalls and the bottom of the water tank were lined with +**mm and ,**mm

thick insulators, respectively, in order to prevent ice formation on them. Belt-shaped

heaters of /*mm width were set around the sidewalls at the level of the water surface to

prevent the growing sea ice from adhering to the walls. Thus, the produced sea ice

remains floating inside the water tank. Measurements of sea ice thickness were

performed from the side of the tank. A part of the insulator is removable. The color

of the inner surface of the insulators is black so as to enable accurate measurements of

the sea ice thickness. In order to carry out continuous measurements of temperature,

+- platinum resistance thermometers were placed at the corners of the tank. The

temperature was measured at intervals of +*min.

The experiment involving the cycle of growth and melting was repeated eight times

(Table +). During the experiment, the entire apparatus was placed in a cold room at

a temperature of �,*�C. Although there were temperature fluctuations due to the

performance of the cooling system and the defroster in the cold room(Table +), the
increase in room temperature caused by the defroster did not a#ect the experiment

because this increase occurred only at +, h intervals and continued for less than -*min.

The maximum room temperature recorded was �+,�C. The ice thickness was meas-

ured just prior to melting (Table +).
In all the experiments except experiments + and 2 (Table +), we mixed the water

with a stirrer in order to produce uniform salinity and facilitate the formation of a

granular layer in the sea ice. Another objective of the mixing was to enable comparison

of di#erent types of melting phenomena that arise due to variations in the structure of

sea ice. In experiments ,, -, and ., the entire structure of sea ice was composed of

granular ice on account of the continuous mixing. We confirmed this in the previous

experiment under the same conditions. In experiments /, 0, and 1, the upper structure
comprised granular ice, while the adjacent layer comprised columnar ice. This

occurred due to cessation of mixing at the point when the granular layer grew to - cm.

If the mixing was not performed during the sea ice growth, as in experiments + and 2
(Table +), we can produce a structure composed entirely of columnar ice (Kawamura

et al., ,**.). During the melting period in experiments ,, -, and ., there was a

turbulent flow under the ice. We tried to observe the manner in which the turbulent

flow a#ected the melting of sea ice. In experiments . and /, we rapidly increased the

room temperature to �/./�C�+�C within a short period (approximately 1 h) to facili-

tate rapid melting. The melting processes in these cases were approximately 2 to +. h
faster than those in the other experiments. The purpose of these two cases was to

compare the e#ect of the melting rate on the sea ice melting process.

We also measured the reflectance of the surface of bare ice under five di#erent
conditions to observe the transition using a spectrometer (Ocean Optics Inc., PS-+***).
The reflectance measurement was repeated three times using a white plate as a reference.

The distance between the sensor and the bare sea ice surface was approximately +/ cm.

A halogen lamp was used as the light source. However, the e#ect of the white plate is

ignored in this paper because we used relative reflectance. The maximal value of

reflectance prior to the onset of melting was assumed to be + and the reflectance was

defined as standard. The trend of the surface condition transition was determined

using the reflectance variations.
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In experiments 1 and 2, the e#ect of snow cover on sea ice was investigated. The

snow was collected in the winter season and was preserved in a cold room. Its density

was ,** kgm�- and its temperature was approximately �,*�C. In order to produce

snow covered sea ice, we created artificial snowfall. We used a snow-filled vessel and

shook it to disseminate snow on the sea ice from a height of /* cm. The artificial

snowfall produced a +* cm-thick snow cover on the 0 cm-thick sea ice in -*min.

-. Results and discussion

-.+. Bare ice

The bare ice melting experiment was repeated six times. The transition of the

surface conditions was observed by visual observations and reflectance measurements

(rows + to 0 in Table +).
-.+.+. Surface conditions

Figure , shows photographs of the surface transition in bare ice. A, B, and C

correspond to A, B, and C in Figs. -, ., and /.
During the bare ice melting experiment, the ice surface initially became wet and

rough. Next, a porous layer was formed under the surface. The thickness of this

layer was approximately + cm. Its formation was observed in all of the experiments.

Owing to the porous structure, light was scattered in the layer. Thus, the layer

appeared as a bright surface. Regardless of the melting rate, the ice surface became

rough and wet. Moreover, a thin scattering layer was also formed. The bright surface

was replaced by a dark one after several hours because the scattering layer vanished as

melting progressed. With regard to the e#ect of mixing, we did not observe any

di#erence in melting of the di#erent sea ice structures. In Table +, values for bright

Table +. Summary of the experiment.
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Mixing was continued until

the end of the experiment.

Mixing was continued until

the end of the experiment.

Mixing was continued until

the end of the experiment.

Mixing was stopped when

sea ice thickness became - cm.
Mixing was stopped when

sea ice thickness became - cm.
Mixing was stopped when

sea ice thickness became - cm.
No mixing

�: Bright surface corresponds to B in Figs. ,, -, ., / and E in Figs. 0, 1.
�� : Dark surface corresponds to C in Figs. ,, -, ., /.
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Fig. ,. Typical photographs of the surface condition of (A) before the onset of melting, (B) bright

surface, and (C) dark surface on bare ice. These letters correspond to indications in Figs. -,
., and /. Detailed information on the bright and dark surface is provided in the explanation

of Table +.
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and dark surfaces indicate the time taken for the formation of such a surface condition.

The time taken for the formation of the bright surface was recorded after the room

temperature reached *�C while that for the dark surface was recorded after the

appearance of the bright surface.

Figure - shows the reflectance variations. The reflectance decreased immediately

after the onset of melting because the sea ice surface became wet (Ai). However, when

the bright surface appeared, the reflectance increased in comparison to its value at the

start of melting (B). As the melting progressed, a dark surface was formed and the

reflectance decreased again (C). During the last half of the melting period, the

reflectance was significantly reduced (D). These variations in reflectance were mea-

sured consistently in all of the bare ice experiments.

Since a porous layer was formed along with an inner cavity, there is a thin ice plate

at the surface of the porous layer. Thus, a cavity exists between the thin ice plate and

the sea ice. The thickness of the ice plate and the depth of the cavity were approximate-

ly *., and *.2 cm, respectively. The salinity of the thin ice plate was +�. The

existence of a surface layer with nearly pure ice structure is suggested by the experimen-

tal results of Knight (+30,). It is considered that the phenomena contribute to the

formation of a porous layer. The detailed mechanism of formation of the porous layer

is clearer from a thermal perspective, so we will return to this topic in the following

section.

-.+.,. Temperature variations

Figures . and / show typical results for the case of bare ice. Figure . shows the

temperature variation and Fig. / shows vertical temperature profiles. The results

correspond to experiment / (Table +).

In experiment /, there were large temperature di#erences between the sensors

during the growth period. Sea ice growth was allowed to continue until a thickness of

+, cm was attained. Subsequently, we commenced the melting experiment. The ice

Fig. -. Temporal variation of reflectance

measured on five di#erent surface
types. Measurement was done from

(A), (Ai), (B), (C) to (D). Note that

reflectance increased from (Ai) to

(B), then decreased again. The sea

ice thickness was around +-�+0 cm.
Before the onset of melting (A) had a

dry surface; and other stages had

have wet surface. The room tempera-

ture in this measurement is given in

Table +.
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Fig. /. Vertical temperature profiles of bare ice. The temperature variations were shifted

alphabetically. These letters correspond to the indications in Figs. ,, -, and .. The surface

temperature of D is not available because sensor was exposed by the progress of melting.

Fig. .. Temporal variations of (a) sea ice thickness and (b) temperature profiles on bare ice. A

thickness of * cm indicates the initial surface of sea ice measured by a sensor in the surface

layer of the sea ice. The sea ice surface of D is +./ cm lower than the others, because

melting progressed from the surface in our experiment. Detailed information on the sensors

is given in Fig. +. This figure corresponds to Fig. /.

S. Kojima, T. Kawamura and H. Enomoto114

E 
� 0 

t 
<Jl 

4 (a) <Jl 
Q) Sea ice 
C 8 

.:,,! 
u 12 A B C :c 
I-

10 (b) 

e 0 

(rr1Y� 
Q) ... 
.a 
� 
Q) 
a. --Ch. 5 (Top of ice) 
�-10 Ch. 6 

I- - -Ch.7 
--Ch.8 
--Ch.9 

Ch. 12 (Water) 
- -Room temp. 

-20 

0 50 100 150 
Time {hour) 

0 A B t ,.C 
n ,o 

E 
t p p 
.. ¢ 

� I I / 

'E_ 10 Uc£ 
111 

Q) 

M Cl 
A: Growth 

B -0: Melt u 
[Ii' 20 111 
ii 

ii 
ii 
II 

30 

-15 -10 -5 0 
Temperature {°C) 



temperature was increased rapidly and became almost same because of warming from

the surface (Fig. .). After about +** h, the sensor at the top of the sea ice was exposed
as a result of surface melting. On the other hand, the temperature gradients became

small after the onset of melting (Fig. /). Vertical temperature profiles of sea ice during

the melting period were observed through both tank experiments (Tison et al., ,**,)
and field observations. Shokr and Barber (+33.) carried out observations of first-year

ice and multiyear ice in the Arctic Ocean during the melting period. The vertical

temperature profiles indicated that the temperature gradients become quite small for

both ice types, regardless of the ice thickness. Tison’s results show the same variation

of the temperature gradients.

During the melting period, we observed three sea ice formation features: (+)
formation of porous layer; (,) delay of reduction of the thickness; (-) continuing

growth of sea ice after onset of melting. These phenomena appear to be attributable to

the e#ect of brine pockets as thermal bu#ers (Maykut and Untersteiner, +31+). With

regards to them, we observed the following.

First, the porous layer was formed when the temperature gradient became

significantly small (B in Figs. , and /). The mechanism can be explained from the

viewpoint of temperature gradients. In temperature gradient B in Fig. /, the directions
of the heat flux at the surface and bottom were downward and upward, respectively.

The heat flux stagnated in sea ice and created cavities. Although this internal melting

might be expected to accelerate the vertical brine drainage, there was only a little

drainage in the surface layer of sea ice because the temperature was still cold. Due to

the brine drainage, a porous layer appeared at the sea ice surface. However, the

direction of the heat flux changed to uniformly downward with the progress of melting

(C in Fig. /). The thin ice plate disappeared due to this downward heat flow from the

atmosphere. Thus, the porous layer, and consequently the bright surface, disappeared

and were replaced by a dark surface (C in Fig. ,).
Second, the reduction of sea ice thickness did not commence immediately after the

room temperature reached *�C. However, a surface transition and a drastic change in

sea ice temperature profiles appeared after the onset of melting. Thus, the available

heat appears to be used to alter the thermal conditions of the sea ice before e#ecting a

reduction in thickness. The changing thermal conditions of sea ice might cause

variations in the brine volume. Increase of brine volume would cause a delay in

reduction of the thickness.

Third, in the present study the sea ice grew *./ cm in the downward direction even

after the onset of surface melting because the temperature gradient of the growth period

persisted due to the brine thermal bu#er (B and C in Figs. .a and /). The bottom of

the sea ice began to melt .+ h after a room temperature of *�C was reached (D in Fig.

.). This continuous growth and time lag in sea ice decay possibly indicates the role of

brine pockets as thermal bu#ers.

-.,. Snow covered ice

Experiments 1 and 2 involve snow covered ice (Table +). In Table +, the bright

surface indicates the time elapsed until the formation of porous snow-ice. Incidentally,

the surface of the snow covered sea ice did not become dark because brittle snow-ice

Transition of sea ice during melting process 115



persisted on the sea ice until the end of the experiment.

-.,.+. Surface conditions

Due to the load of the snow on the sea ice, the ice was forced down and submerged.

The entire snow cover on the ice was converted into slush. The average thickness of

the slush was 3 cm. However, the slush refroze several hours later and formed
snow-ice. The average density and thickness of this snow-ice were 0/* kgm�- and 1
cm, respectively. However, the snow-ice became porous and mechanically weak as

melting progressed. The weakening of the snow-ice suggests that the melting of

snow-ice commences with alteration of its inner structure.

-.,.,. Temperature variations

We remark on the relationship between temperature and time, and the vertical

temperature gradients. Typical results are indicated in Figs. 0 and 1, respectively.
In Fig. 0, the sea ice temperature increased immediately and became almost same

after the snowfall. Next, the temperature of the sea ice and snow decreased. After

the onset of melting, the sea ice temperature increased and became almost same as seen

in the bare ice experiments. However, the temperature of snow covered ice increased

slower than that of bare ice. In the present experiment, melting progressed from the

surface downward. Therefore, several sensors near the surface of the ice were exposed

after some time. Other studies have also revealed similar temperature variations.

Takizawa and Wakatsuchi (+32,) conducted a field experiment in a lagoon during the
growth period of the ice. Their results indicated that sea ice becomes warm during

snowfall, but its temperature is reduced due to slush formation. The temperature

increased and became almost same when the air temperature rose to almost *�C in the
daytime. These temperature variations are consistent with our results. We consider

the temperature variations in snow covered ice during the growth and melting periods as

important parameters because these data have contributed understanding of the mech-

anism of the melting of snow covered ice.

The relationship between snow transformation and variations in its temperature

was observed. A typical result is shown in Fig. 1. The temperature gradients in snow
on sea ice exhibited drastic variations compared with those within the sea ice. Imme-

diately after loading snow on sea ice, the temperature gradient was observed to be

significantly large (B). Although the gradient decreased significantly due to slush

formation (C), it once again became steep owing to snow-ice formation (D). During

the melting period, the gradients became slightly positive (E and F). The dependence

of temperature profiles on the behavior of the sea ice temperature variations and snow

transformation has also been observed in the Antarctic (Haas et al., ,**+). Their
results, especially the temperature profiles of snow and sea ice, are similar to ours.

However, the structure of snow in their study was more complex than that in our study

because their snow cover was not completely altered by submergence and was composed

of several layers. Several di#erent snow properties a#ect the heat exchange between
water and the atmosphere through the ice. Therefore, it is necessary to investigate the

e#ects of di#erent types of snow on the thermal variation of sea ice in greater detail.

S. Kojima, T. Kawamura and H. Enomoto116



Fig. 0. Same as Fig. ., but for snow covered condition. Temporal variations of (a) snow depth and

sea ice thickness and (b) temperature on snow covered ice. Detailed information on the

sensors is given in Fig. +. Sensors Ch. +, ,, -, and . measured room temperature until the

loading of snow on sea ice. This figure corresponds to Fig. 1.

Fig. 1. Same as Fig. /, but for snow covered condition. Vertical temperature profiles of snow

covered ice. The temperature variations were shifted alphabetically. These alphabets

correspond to Fig. 0. The surface temperature of E and F is lacked because sensors were

exposed due to progress of melt.
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.. Conclusions

We carried out melting experiments on bare ice and snow covered sea ice in a water

tank in order to understand the mechanism of transition of surface conditions, transfor-

mation of snow, and temperature variations. The results are summarized below:

In the bare ice experiment, we observed transition of the surface condition during

the melting period through visual observations and reflectance measurements. After

the onset of melting, the surface initially became wet and rough. Subsequently, a

porous layer was formed under the surface with a thickness of approximately + cm.
Since the structure was porous, light was scattered in the layer. Thus, the layer

appeared as a bright surface. Although the reflectance was reduced once, during the

initial period of melting, it increased later due to the appearance of the bright surface.

When the surface condition transition occurred, the sea ice temperature exhibited a

large change. The surface transition and temperature profiles suggest that the heat of

fusion is used for creating a porous structure prior to the thickness reduction.

The snow on the sea ice underwent a complex transformation, and its temperature

variations were drastically di#erent from those of the sea ice. After the onset of

melting, as seen in the bare ice experiments, the sea ice temperature increased and

became almost same. However, the temperature of snow covered ice increased slower

than that of bare ice. The temperature gradients of the snow-ice were significantly

reduced. Thickness reduction of snow-ice is expected to commence after alteration of

the inner structure because snow-ice becomes porous and mechanically weak before its

thickness decreases.
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