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Abstract: During the melt season, surface melting, bottom melting, and lateral melting co-occur in
natural ice floes. The bottom melting rate is larger than the lateral melting rate, followed by the
surface melting rate, and the smaller the size of an ice floe, the higher the lateral melting rate. To
add the scale index of small-scale ice to the melting parametrization scheme, experiments on the
melting process of sea ice and artificial fresh-water ice samples in the shape of a disc were carried out
in a low-temperature laboratory, under conditions of no radiation, current, or wind, with controlled
air and water temperatures. The variations of diameter, thickness, and mass of the ice discs were
measured through the experiments. According to the experimental data, a new indicator was created
using the ratio of the diameter to the thickness of an ice sample. Based on physical and statistical
analyses, the relationships between the surface/bottom melting rates and temperature gradient were
formulated. Additionally, the relationships among the lateral melting rate, temperature difference,
and the ratio of the diameter to the thickness were also quantified. The equations can be applied
to the melting parametrization scheme of ice for a range of diameters up to 100 m, which covers
simulations of the energy and mass balance values of the Arctic sea ice and coastal freshwater ice

during the summer melt season.

Keywords: sea ice; fresh-water ice; parametrization scheme; melting rate; laboratory study

1. Introduction

With global warming, the annual warming trend of the Arctic temperature is 2-3 times
that of the global temperature, which is also known as the Arctic amplification effect [1-3].
Sea ice changes in the Arctic are not only related to local climate, but also affect climate
changes in the mid-latitudes of the Northern Hemisphere, such as by increasing extreme
weather events in Eurasia and North America [4,5]. Sea ice models are effective tools
to describe the evolution of sea ice which mainly include thermodynamic and dynamic
processes [6,7].

In general, ice thickness distribution (ITD) and sea ice concentration are used to de-
scribe the state of sea ice in a given area in the sea ice models [8]. The World Meteorological
Organization uses floe size (form of ice) in addition to these two terms to describe ice, and
uses an egg code as the standard way to describe ice [9]. The floe size distribution (FSD)
is also needed in the developments of sea ice models, especially in the simulation of a
marginal ice zone (MIZ) [10]. In the empirical formula according to the observations, FSD
generally could be represented by a power law [11]. To accurately describe FSD, lateral
melting plays an important role in the contribution to the conservation formula of FSD.
For example, in the Arctic summer, a rapid melting rate occurs not only in the bottom and
surface, but also in the lateral interface between sea ice and ocean, especially in MIZ. The
contribution of lateral melting to ice ablation and perimeter increases has a more important
role than before, because of floe breaks [12]. The lateral melting rate and perimeter of floes
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often determine the magnitude of a net heat flux exchanged between the ocean and the
lateral edge of sea ice [13]. The melting rate is sensitive to floe size due to the increase in the
perimeter of the lateral ice edge when floe size is smaller than 30 m [14]. Due to the decrease
in ice extent and thickness, the evolution of sea ice shows new characteristics different
from previous cases. For larger floe sizes, the lateral melting of sea ice may also have an
important contribution since the ice meltwater fronts accelerate the lateral mixing [15]. An
active exploration of the lateral melting mechanism is necessary to understand Arctic sea
ice melting during the summer.

Field investigations are important means of understanding the lateral melting physical
processes of sea ice. In the programs of Arctic Ice Dynamics Joint Experiment and Marginal
Ice Zone Experiment, researchers have investigated the relationship between floe size shape
and lead heat flux [14,16]. Hwang et al. (2017) and Perovich and Jones (2014) have observed
the evolution of floe size and found that lateral melting plays an important role in the
variation of FSD [17,18]. Stern et al. (2018) are continuously conducting observational
studies in which the seasonal cycle of the FSD is analyzed and lateral melting contributes
quantitatively to the seasonal cycle [19].

At present, only a few field observations of the lateral melting of the Arctic sea ice
have been conducted due to the limitations imposed by the polar field conditions and
testing techniques. As a result, different techniques and methods were tested on stable lake
ice in China and the acquired data were applied to the parametrization research of lateral
melting [20,21]. These in situ experiments on lake ice have comprehensively investigated
the multifactors of air temperature, solar radiation, and water temperature contributing to
the lateral melting, and the limit in understanding the contributions of one particular factor
to lateral melting. However, the effect of floe size on the lateral melting is still difficult
to observe in in situ experiments due to the lack of effective techniques. In this paper,
the laboratory experiments were conducted for the melting on the basal and the lateral
interfaces of ice, improving the understanding of the lateral melting process, and then
giving a parametrization scheme of the lateral melting rate varied with floe size.

2. Theoretical Foundation

The lateral melting of sea ice depends on the net heat flux from the ocean and atmo-
sphere to lateral ice [22]. The net heat flux generally includes shortwave and longwave
radiation, sensible heat flux, conductive heat flux, and latent heat flux [23]. The melting
rate contributes to latent heat flux. In the literature (Bateson et al., 2020; Roach et al.,
2018) [10,24], the lateral melting rate is expressed in a power law, which is:

Wiat = aAT? ey

where Wy, is the lateral melting rate of ice, AT is the difference of water temperature above
the freezing point, and a and b are the statistical parameters based on observations.

Smith et al. (2022) used an equation for the ice surface, bottom, and lateral melting
based on the sea ice concentration [25]:

d mH
a(AH) =A (Wsur + Whot + ulp Wlat) ()

where A is the sea ice concentration per unit area and ranges from 0-1, Wsy, is the surface
melting rate of ice, Wy is the bottom melting rate of ice, H is the ice thickness, Lp is
the floe diameter (300 m in the default set up of sea ice models), and y is the geometric
parameter representing the deviation of floe with a circular shape (i = 0.66). Wgyr and Wy
contribute to the variation of ice thickness H; and when H keeps constant, Wsyr and Wy
can be neglected, and the equation can be written as:

dA mH
T AVTDWIat 3)
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In particular, ice with an equivalent diameter of less than 30 m is thought to be greatly
affected by lateral melting [14]. In this paper, ice samples were used in the laboratory to
model surface, bottom, and lateral melting of ice. The observed changes in the diameter
were the result of the lateral melting on the surface of the samples, whereas the thickness
variation data indicated the melting of the surface and the bottom, and the mass variation
was an integral demonstration of the three melting processes. The Figure 1 schematic
illustrates the heat flux and the thermal balance of the surface, bottom, and lateral interfaces
during ice floe melting.

Fyiop(Latent heat of melting Fiop(Heat flux at the
at the top of the ice) top of the ice)

Fp1q¢(Latent heat of melting
at the lateral of the ice)
Fpq¢(Heat flux at the
lateral of the ice)

Fpor(Heat flux at the Fypot(Latent heat of melting
bottom of the ice) at the bottom of the ice)

Figure 1. Thermal balance between the ice—air interface at the surface, between ice and water on the
bottom, and the lateral surface of a floe.

Laboratory experiments are conducted in an ideal condition. As shown in Figure 1, the
net heat flux mainly includes two parts. One is the latent heat flux resulting from melting,
the other is heat flux from the environment (air or water) to ice. The latent heat flux is
proportional to the melting rate, and the other heat flux is proportional to the gradient of
temperature. The equation for the surface melting rate is:

A\ AT,
War = () T @
The bottom melting rate is given by [26]:
(A ATy
oo = (5%) T ®)

where A; and Ay are air and water thermal conductivity, respectively; AT, and AT, are
the difference of temperatures between air and ice surface, and difference of temperatures
between water and ice bottom, respectively; Ah, and Ahy, are references to height and
depth according to measurement positions; and L represents the latent heat.

3. Experimental Method

A water tank 2 m long, 1 m wide, and 0.8 m high was set up in the low-temperature
laboratory. The tank was designed specially with a double-layer bottom, and a pump was
installed at the lower layer to drive the water before tests and was stopped during test. The
experimental water tank can hold water to a depth of 0.5 m. A schematic of the laboratory
equipment system is shown in Figure 2. The melting process of the ice samples was affected
jointly by the temperature of the air above the water tank and the water inside. So, the
PT100 temperature probes were distributed along the direction of depth, from the air above
the tank to the water in the tank. With a diameter of 5 mm, each temperature probe was
precision-corrected in the factory to satisfy a temperature measurement accuracy of 0.1 °C.
The air temperature probes were installed above the water surface at a height of 50 cm and
3 cm, respectively. For the water temperature measurements, probes were set up at depths
0f0,2,4,6,8,10, 20, 30, 40, and 50 cm. To reduce the interference caused by the small probe
spacing, the adjacent two temperature probes were inserted vertically into the wood.
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Figure 2. The laboratory equipment setup. (a) Front schematic; (b) lateral schematic; and (c) top
schematic.

A COOLPIX P6000 camera, with 13.5 million pixels, was installed 0.7 m above the
water surface at the tank center. Photos taken by the camera had the quality of each
pixel corresponding to 0.5 mm x 0.5 mm. An under-ice ultrasonic range finder with
high precision (£0.1 mm) was set on the bottom of the water tank. Both the camera and
the ultrasonic range finder were used as aid technology in this experiment; that is, the
measured data using the camera and ultrasonic range finder were not included into the
analysis below but were used to validate the manual measurements during tests. The
camera traced the diameter variation on the surface of the ice sample, and the ultrasonic
range finder traced the level variation on the bottom of a specific ice sample.

In this experiment, two types of ice samples were used: natural sea ice from the Yellow
Sea and artificial fresh-water ice. The sea ice was level ice with a thickness of about 30 mm
that had been collected from the Xiajiahezi seashore, Dalian, during 4-6 January 2021,
transported to the laboratory directly without large temperature variations and then stored
at a low temperature. The sampling site was not far away from the laboratory so that
large brine loss would not occur. The sea ice was then cut using a chain saw and lathe
to diameters of 65, 90, 120, 150, and 190 mm. For the artificial fresh-water ice, constant
temperature technology was used to maintain the lateral water temperature at the freezing
point so that the ice would freeze unidirectionally. The unidirectionally frozen ice was
processed using a lathe to diameters of 65, 90, 120, 150, and 190 mm, at a thickness of
about 30 mm. The sea ice was melted for measuring salinity using a salinometer, and the
mean salinity was 6.04 ppt, which is close to the typical salinity of sea ice in the Yellow
Sea. The densities of sea ice and fresh-water ice were measured using the mass/volume
method, and the mean densities were 800 kg/m? for sea ice and 900 kg/m? for fresh-water
ice. The ice crystal structure was observed by first preparing 1 cm thick vertical sections
using a band saw. These thick sections were attached to glass plates and cut further to
an approximately 0.5 mm thickness. These thin sections were placed on a universal stage
to observe the crystal structure under crossed polarized light, recorded by photography.
Figure 3 shows the two crystal types. The sea ice was granular ice, and the fresh-water ice
was columnar ice.

Figure 3. The crystals of the ice samples used in the experiments. (a) Yellow Sea ice (b) fresh-water ice.
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By adjusting the air temperature in the low-temperature laboratory, the water temper-
ature in the water tank was kept stable. In this experiment, the sea water was salty water
prepared using sea salt, with a salinity (tested as 27.7 ppt) in accordance with the median
value of the ocean salinity profile for the Arctic summer sea ice area, as reported in the
literature [27]. The fresh water was tap water. Before the experiment, different preliminary
water temperature ranges were set for the sea ice and the fresh-water ice experiments.
Based on the temperature-controlling abilities of the laboratory, the water temperatures
were set at —0.5,0, 0.5, 1.0, and 1.5 °C in the sea ice tests and 0.5, 1.5, 2.0, and 3.0 °C in the
fresh-water tests. Since the fresh water is simpler in phase composition than sea ice, the
temperature groups were less in fresh-water tests and the test temperatures were set higher
in fresh-water ice tests than in sea ice tests.

Before each experiment, ice samples were stored in the thermotank at the temperature
of 1 °C lower than the freezing point for at least 24 h. When water temperature was
measured close to the designed temperature, samples with five different diameters were
placed in the water tank at the same time. Samples were labeled with different color stickers
or numbers for identification. The variations in the diameter, maximum thickness, and
mass of each sample were traced in the test. Both manual measurements and electro-test
aided technology were carried out simultaneously during the melting process. At the
beginning of each experiment, there was less melting of ice, so the lateral melting, thickness
melting, and mass melting were measured directly after the samples were taken out of the
water. In general, the measurement interval was set to about 1 h to minimize the influence
of the manual testing on the experimental results. The maximum thickness and the surface
diameter of the ice samples were measured by an electronic digital caliper (+0.01 mm), and
the mass was measured using an electronic scale. The whole process was rapid and the
samples were taken with caution so that no wave was produced and the temperatures of
air, ice, and water would not be affected. A foam disc with a diameter of 10 cm was placed
in the ice sample as a reference for photographing to calibrate the equivalent diameter on
the surface of the ice samples at different moments determined using a sample area. Both
the camera and ultrasonic sensor were set to record data at an interval of 10 min.

4. Results

Before the experiment, an electronic digital caliper was used to measure the diameter
and thickness of each sample three times at different positions, respectively, based on
which the average initial values of these two parameters were calculated. The initial size
information of the two types of samples is listed in Table 1.

Throughout the experiment, no heat exchange was caused by solar radiation or wind
convection in the low-temperature laboratory and only the indoor temperature was used as
the driving factor to control the water—ice heat exchange. The designed preliminary water
temperature was higher than the experimental water temperature to ensure that lateral
and bottom melting occurred after the ice absorbed heat during the whole experiment.
The temperature in the low-temperature laboratory was characterized by (1) temperature
control fluctuations resulting from the refrigeration system, (2) a temperature increase
“pulse” in the daily defrosting of the refrigeration system, and (3) a slight long-term
temperature increase. Figure 4a presents the temperature changes at a position of 3 cm
above the water surface during the experiment, where a sea ice sample with a designed
preliminary water temperature of 1.0 °C is taken as an example.
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Table 1. Preliminary parameters of the ice samples.

Sea Ice Fresh-Water Ice
1 2 3 4 5 1 2 3 4 5

Specimen No.

Designed preliminary

water temperature/°C
Initial average 689 930 1245 1545 1859 682 909 1200 1548 191.9
diameter/mm

Initial thickness/mm 326 345 360 355 345 309 307 307 302 309

-05 -05 -05 -05 -05 05 0.5 0.5 0.5 0.5

Designed preliminary

water temperature/°C
Initial average 694 886 1228 1542 191.6 679 89.4 1191 1532 192.5
diameter/mm

Initial thickness/mm  36.6 367 357 317 368 31.00 312 303 296 312

Designed preliminary

water temperature/°C
Initial average 688 974 1230 1545 1945 675 904 1189 1530 191.0
diameter/mm

Initial thickness/mm 319 419 360 361 395 309 304 306 306 315

Designed preliminary

water temperature/°C
Initial average 69.6 881 1244 1528 1938 67.6 89.5 1200 1532 191.0
diameter/mm

Initial thickness/mm 388 373 357 405 381 309 302 305 309 306

0.5 0.5 0.5 0.5 0.5 2.0 20 20 2.0 2.0

1.0 1.0 1.0 1.0 1.0 3.0 3.0 3.0 3.0 3.0

Designed preliminary

water temperature/°C
Initial average 67.0 949 1269 1559 193.3
diameter/mm

Initial thickness/mm 288 329 353 325 341

1.5 1.5 1.5 1.5 1.5

The initinal
05 phase The melting phase
i 3 [} [} i [) i [} [}
e 009 1340 14:30 15:30 16:30 17:30 18:30 19:30 20:30 21:30
o
5
=
g
j=N
£
g
=
<
12
1.0
2.0 4 .
08 =
T
E 404 0.6 :
??; 04 5
A 604 02
00 g
7
8.0 4 02 &
-0.4
10.0 e

T T
13:30 15:30 17:30 19:30 21:30

Time (19 January 2021)

Figure 4. The (a) air and (b) water temperature variation processes of the tested samples of sea ice at
a designed preliminary water temperature of 1.0 °C.
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The experiment was conducted from 13:30 to 21:30 on 19 January. Before the ex-
periment, the water in the tank was stirred constantly to uniformly reduce the water
temperature to 1.0 °C. The air temperature at a distance of 3 cm from the water surface was
kept below 1.0 °C for a period of time to stabilize the water temperature. Next, the sample
was placed into the tank. Thus, the temperature in the laboratory was reduced due to the
heat absorption of the ice sample. However, the operation of the refrigerator guaranteed
a regular fluctuation of 0.4 °C. Finally, a temperature “pulse” caused by the short-term
defrosting was observed at 17:30.

The sample melted after absorbing heat from the water, leading to a temperature
reduction from the water surface to the depth of ice immersion. The temperature of the
water at the same depth also experienced a decrease with the adjustment of air temperature.
However, the vertical temperature gradient of the water under the ice gradually increased
with depth, which could be attributed to the heat absorption in the ice-melting process.
Taking the sea ice sample with the designed preliminary water temperature of 1.0 °C as
an example, Figure 4b records the changes in water temperature, including changes in
the section of the example experiment, where the water temperature decreased with the
melting of the sample. The water and air temperatures first remained stable and then
increased after the ice sample had completely melted.

As seen in Figure 4, large changes occurred in the frequency and amplitude of the
air temperature, whereas the water temperature remained stable during the experiment.
According to the color gradation diagram of the water temperature in Figure 4b, the water
was uniformly stirred before 14:00 and its temperature reached the designed preliminary
water temperature of about 1.0 °C, indicated by the yellow color. After all the ice sam-
ples were placed in the tank, the surface water temperature reduced quickly, while the
temperature of the lower water reduced slowly. Abrupt changes in water temperature
were observed before 18:00, and the whole experiment displayed a clear vertical water
temperature gradient. Moreover, the temperature of the water from a depth of 2 to 4 cm
underwent a higher rate of reduction owing to the ice thickness of 3 cm.

A typical picture of a melting ice sample is shown in Figure 5. The diameter, maximum
thickness, and mass changes of the sea ice samples with different diameters with a designed
preliminary water temperature of 1.0 °C are shown in Figure 6. The changes in the surface
diameter during the ice-melting process are displayed in Figure 6a. The diameter reduced
gradually in the initial stage due to the hysteresis of heat absorption. The reduction rate
then increased with time. Figure 6b depicts the thickness changes in the samples. As the
experiment continued, the sample first melted rapidly and then slowly, eventually reaching
a stable state. The melting rates of the samples with different diameters were basically the
same. According to Figure 6¢, the overall mass of the sample decreased in the experiment.
At the beginning, due to the large pores of the unclosed bubbles, salty water infiltrated the
sample when it was first placed into the water, resulting in an increased sample mass.

Figure 5. The lateral shape of a melted ice sample.
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Figure 6. (a) Diameter, (b) thickness, and (c) mass variability of the tested sea ice samples at the
designed preliminary water temperature of 1.0 °C.

Similar results were obtained from experiments conducted on the other four groups of
sea ice and three groups of fresh-water ice samples in water with different initial preliminary
water temperatures. Therefore, they are not presented in detail here but shown in an online
dataset [28].

Furthermore, the lateral melting of the sample was affected by the temperature dif-
ference in the water at different depths. The amount of melting of the sample varied
with water depth. In general, the surface and bottom of the ice melted the most in nature.
However, solar radiation and wind were not present in the low-temperature laboratory,
where water temperature adjustment was completely based on air temperature, which led
to a consistent and large vertical temperature gradient in the water, as shown in Figure 4b.
For this reason, along the depth below water surface, the water—ice temperature difference
and the amount of melting rose, showing a decreasing trend (Figure 6), which agrees with
reports from the literature [21,29]. Other findings included a high lateral melting rate of the
sample underwater, a small lateral melting rate of the ice surface, and a protruding edge of
the ice upper surface. The ice specimen became thinner in the later stage and lost its round
shape. This phenomenon was fully consistent with the observation that the melt rate of sea
ice is higher than that of fresh-water ice.

5. Parametrization Schemes for the Melting Rate at the Ice-Water Interface

According to the literature [30], for Arctic sea ice, the bottom melting rate is higher
than the surface melting rate, followed by the lateral melting rate. In the low-temperature
laboratory without solar radiation or wind, the surface of the specimen melted more slowly
than the bottom surface. The melting rates were higher than those of Arctic sea ice in
the actual situation since the laboratory had a larger vertical temperature gradient than
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the Arctic, but its rate was still lower than that of the bottom melting for the sample
in our experiments. In the melting experiment, the ice floes became thinner during the
melting process. In the data analysis, the thickness changes of the disc sample and the
measured average densities of the sea ice and fresh-water ice samples (800 kg/m3 and
900 kg/m?, respectively) were used to estimate distances from the sample surface to the
temperature probe in air and from the sample bottom to the temperature probe in water.
At the temperature where the disc sample achieved thermal equilibrium, sea ice was a
mixture containing liquid brine, in which pure ice crystals accounted for the majority.
From a physicochemical perspective, the freezing and melting points of these crystals
are different [31], and the melting temperature is a range value. It was assumed that the
minimum temperature was slightly lower than the freezing point of sea water, namely,
—1.5 °C, and the maximum temperature was slightly lower than the melting point of
pure ice crystals, namely, —0.2 °C. Fresh-water ice was considered pure-water ice with
the same freezing and melting points of 0 °C. In this way, the air temperature gradient
on the sample surface and the vertical water temperature gradient on the sample bottom
were calculated. The melting point of fresh-water ice is higher than sea ice. Therefore, the
temperature differences between air and sea ice samples were higher than those between
air and fresh-water ice samples, leading to higher surface melting rates of sea ice samples.

Given the high frequency of fluctuations in surface air temperature, the surface melting
accounted for a small proportion of thickness melting. Thus, based on Equations (4) and
(5), the thickness melting rate was decomposed into the surface and bottom melting rates.
Due to the short time period, the temperature fluctuations during the defrosting period and
the moment when the refrigeration stopped failed to cause rapid melting or freezing of the
sample surface. However, in individual cases, the calculated temperature gradient values
were negative (i.e., exothermic and ice freeze) and hence eliminated. Statistical analysis was
conducted on the surface and the bottom melting rates, respectively, and the corresponding
results are depicted in Figures 7 and 8.
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Figure 7. The statistical relationship between the surface melting rate and air temperature gradient.
(a) Sea ice (b) fresh-water ice.



Water 2022, 14, 1775

10 of 14

3,000 3.500
it /=0.0672x-+0.1817 =0.0529
= 25004 y=0.0672x+0.18 —~ 3.000 y=0.0529x
; 2
&8 By
& 2.000 < 2,500 -
£ £ . .
8 1500 2 2.000 .3 - .
g : o
5 B 1.500 4 .
2 1.000- 2 &7
] = Y
s WL000] .
£ 0500 = oY 3.
X o W g
= = 05001 ¢

0.000 .

: . : 0.000 +—2— : : : : T
-10.0 0.0 10.0 20.0 300 00 100 200 300 400 500 600 700

Water temperature gradient near ice bottom/( T/m)
(a) (b)

Figure 8. The statistical relationship between the bottom melting rate and vertical water temperature

‘Water temperature gradient near ice bottom/( T/m)
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According to Figure 7, the empirical parametrization scheme of the surface melting
rate of sea ice and fresh-water ice can be expressed by Equations (6) and (7), respectively,
and those of the bottom melting rate are expressed by Equations (8) and (9), respectively.
These can be applied to the melting process of coastal fresh water or low-salinity ice
in most of the Arctic Ocean that is covered by summer sea ice and several estuaries of
the Arctic Ocean, such as the Mackenzie River flowing into the Chukchi Sea, the Lena
River flowing into the East Siberian Sea, and the Ob River and Yenisei River flowing
into the Kara Sea [32]. Notably, the laboratory was subject to high frequency and large
amplitude temperature fluctuations, resulting in large data dispersion. For this reason,
the parametrization confidence of the surface melting rate might be reduced. Thus, it
was suggested that Equations (6) and (7) should be modified based on experimental and
field results obtained in the future in a controlled and stable environment. Long-term
observational data from the Arctic can be directly used to verify Equations (8) and (9).

AT,

Wisur,sea = 0.0405 Al +0.7347 r = 0.5542 (6)
a
AT,
Wsur,fresh = 0.0002 Ah: r = 0.7654 (7)
ATy
Wit sen = 0.0672—-% +0.1817 r = 0.7989 ®)
' Ahy
AT
Whot,fresn = 0'0529ATZ r = 0.8185 )

where the subscripts sea and fresh denote sea ice and fresh-water ice, respectively; Wsyr sea,
Waur, freshs Whot,sear ad Wiy fresy are in mm/h, respectively; and r is the correlation coeffi-
cient. The equations were empirically established using regression analysis of the test data,
and thus the dimensions were not considered.

Equations (6)—(9) are specific manifestations of Equations (4) and (5). Therefore, under
natural conditions, as for the interface heat flux obtained based on meteorological and
marine hydro-meteorological environmental elements, Equations (6)—(9) can be used to
estimate the bottom and surface melting rates of the coastal fresh-water ice in the sea ice
area and estuaries of the Arctic Ocean. Moreover, according to the thermodynamic theory,
the heat flux on the ice surface and bottom is determined by the temperature gradient, and
the above parametrized expressions are not limited by the floe size.

The target of manual measurements in the experiment was to observe the diameter
changes in the sample surface, since it was difficult to measure the dimension of the sample
in other depths below surface (as shown in Figure 5). Thus, in the statistical analysis
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of the experimental results focused on lateral melting, the difference between the water
temperature at the water surface and the thermal equilibrium melting point of the ice
sample were taken into consideration. To demonstrate the effect of the floe size on the
lateral melting rate, the ratio of the diameter (Lp) to the thickness (H) of the ice sample
was introduced into the parametric scheme as a new index, thereby achieving consistency
between test results obtained in the laboratory and those measured on site. Previous
investigation showed that the lateral melting is important for floes with a diameter of
less than 30 m [14], and thus, the laboratory parametrization scheme for ice within a
10 m diameter can be first expanded to that within 30 m through the geometric similarity
criterion. With warming in the Arctic, the lateral melting might be enhanced. Moreover,
the proportions of surface melting, bottom melting, and lateral melting for onsite ice floes,
as reported in the literature [30], can be extended to applications where the diameter of the
ice floe is within 100 m using the geometric similarity criterion. When the ice diameter is
greater than 100 m, lateral melting occurs as well, but in small quantities. Hence, the lateral
melting parametric scheme including the floe size effect is more applicable to the marginal
area of the ice floes in the Arctic Ocean.
In the manual measurements of the sea ice and fresh-water ice samples, data corre-
sponding to the negative temperature gradient and instantaneous temperature gradient
changes were eliminated first. Afterwards, a total of 86 and 58 measured data were obtained

for sea ice and fresh-water ice samples, respectively. Finally, the expression of the predictive
empirical parametrization scheme was fitted with the results shown in Figure 9.
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Figure 9. The statistical relationship between the lateral melting rate and the temperature difference,
and the ratio of the diameter and the sample thickness. (a) Sea ice (b) fresh-water ice.

According to the fitted results in Figure 9a, the parametrization scheme for the lateral
melting of sea ice can be expressed as:

2.637 9.145
W = 0.534AT13%7 + - 200> Lp/H>6) r=08273 (10
lat,sea LD/H (LD/H)2 ( = LD fel ) ( )

According to the result in Figure 9b, the parametrization scheme for the lateral melting
of fresh-water ice is:

2.361 5.246
W, = 0.573AT"3%6 4+ — 200> Lp/H>6) r=06323 (11
lat,fresh Lp/H (LD/H)Z ( = LD = ) (11)

When only the scale parameters of ice are considered, the larger the Lp, the greater
the Lp/H, and the lower the melting rate of the ice floes. This is consistent with the
results reported in previous studies [13,14,25]. In nature, ice diameters range widely from
kilometers to meters, while their thicknesses are only at the meter level. However, the
proportion of melt in ice thickness is much larger than in lateral surface [30]. If diameter
was selected as the scale parameter of ice and introduced into the parametric scheme, it
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failed to reflect the overall loss of ice; however, Lp/H is an ideal parameter. The first item
in Equations (10) and (11) has also been used by international scholars [14,16,33]. The latter
two demonstrate that the lateral melting rate changes with Lp/H. The contributions of
Lp/H can be reflected by the latter two items only when Lp / H is lower than 200. The case
for the ratio <6 can only be achieved in a laboratory without dynamic conditions, but it
is rare in nature. Because surface, bottom, and lateral melting occurred simultaneously
in the ice, the Lp/H effect could not be expressed by the monotonic function. In this
study, the function y = a/x + b/x* was adopted, where the case of x < 6 was excluded.
This mathematical expression conveys two meanings. First, the lateral melting rate can be
ignored when the ice floe is small. Second, under the same water temperature difference,
the larger the ice, the smaller the lateral melting rate. When the floe size is large, in spite
of the lateral melt that occurs, the sea ice melts completely in thickness because the size is
much smaller in thickness than in diameter.

Based on the experimental results using sea ice, a parametrization scheme for the
lateral melting of Arctic sea ice was obtained through Equation (10), where the coefficients
of the first item are 0.534 and 1.337, respectively. Coefficient 1.337 is close to 1.36, as
recommended in the literature [18]. Coefficient 0.534, which is subject to environmental
conditions and the selected units, should be corrected based on future observation data
from the polar regions. Coefficients 0.573 and 1.326 in Equation (11) are on the same level
but slightly less than those for sea ice, indicating that the fresh-water ice had no brine
channels, but a higher density and lower melting rate. A similar phenomenon has been
reported in the literature [29]. Likewise, this equation is mainly applicable to the coastal ice
in the estuaries of the Arctic Ocean.

6. Conclusions and Discussion

Surface, bottom and lateral melting occurs simultaneously in ice. Regardless of the
heat source responsible for melting ice in nature, the water temperature at the ice-water
interface is the ultimate driver. Therefore, the parametrization for ice melting can be
realized by the construction of relationships between the melting rate at the ice-water
interface and the water temperature or the temperature difference. Water temperature
changes caused by other natural factors can be considered as peripheral products of such
parametrization. The parametrization scheme for ice floe melting formulated based on
laboratory experiments is characterized as follows:

(1) The surface melting rate of ice is determined by the gradient between the near-
surface air temperature and temperature of the ice surface, and the bottom melting
rate depends on the gradient between the near-bottom water temperature and the
temperature of the ice bottom. Notably, the surface melting rate is lower than the
bottom one under the same temperature gradient. This seems to hold even when
the air temperature gradient during the ice melting season is much higher than the
vertical water temperature gradient. Despite the scattered data in the parametrization
scheme and the large deviation of sea ice from fresh-water ice in this paper, the
results still confirm the feasibility of the parametrization scheme for surface melting as
continuously verified by laboratory research with high-precision temperature control
and field data. Furthermore, the theoretical analysis indicates that parametrization
schemes for surface and bottom melting rates are not affected by the diameter of ice.

(2) The lateral melting rate is determined by the difference between the temperature at
the ice—water interface and the water temperature at different depths, as well as the
ratio of the diameter (Lp) to the thickness (H) of ice. This ratio can reflect the negative
correlation between the ice floe diameter and the lateral melting rate. When only
the scale parameters of ice are considered, the larger the Lp, the greater the Lp/H,
and the lower the melting rate of the ice floes. Because of the same reason, the large
near-surface diameter and the small bottom diameter during the ice melting season
can be explained.
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(8) The lateral melting rates of fresh-water ice and sea ice are close to those in the paramet-
ric schemes reported internationally. The two parametrization schemes formulated
in this study can be used for the numerical simulation of the lateral melting of sea
ice with a diameter of <100 m in the marginal seas of the Arctic Ocean with low
water salinity (e.g., Chukchi Sea and East Siberian Sea) and the melting of coastal
fresh-water ice with a diameter of <100 m in the Arctic Ocean (e.g., the estuaries of
Lena River and Mackenzie River).

(4) Given the complexity of sea ice melting during the Arctic summer, more experiments
are still essential in the future to respond to different situations in the Arctic, even
though the lateral sea ice melting mechanism developed in the present study is
effective. Furthermore, for laboratory experiments, the technology of simultaneously
observing the surface and bottom melting of ice needs to be explored.

Admittedly, there are limitations in this paper, especially because only the effects of
air and water temperatures on ice melting were investigated, but the other environmental
drivers including wind, wave, and solar radiation were not included under the restriction
of the experimental apparatus. Therefore, more laboratory experiments are still required
in the future with more specially designed devices that can resemble solar radiation,
generate waves with small heights, and measure the ice lateral surface automatically. More
temperature probes are also needed to give a complete air-ice-water temperature profile.
The control of air temperature needs to be more precise with less fluctuation to reduce the
influence on ice melting.
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