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Abstract

The reduction in Arctic sea ice in summer has been reported to have a significant impact on the global climate. In
this study, Arctic sea ice/snow at the end of the melting season in 2018 was investigated during CHINARE-2018, in
terms of its temperature, salinity, density and textural structure, the snow density, water content and albedo, as
well  as morphology and albedo of the refreezing melt pond. The interior melting of sea ice caused a strong
stratification of temperature, salinity and density. The temperature of sea ice ranged from –0.8°C to 0°C, and
exhibited linear cooling with depth. The average salinity and density of sea ice were approximately 1.3 psu and
825 kg/m3, respectively, and increased slightly with depth. The first-year sea ice was dominated by columnar
grained ice. Snow cover over all the investigated floes was in the melt phase, and the average water content and
density were 0.74% and 241 kg/m3, respectively. The thickness of the thin ice lid ranged from 2.2 cm to 7.0 cm, and
the depth of the pond ranged from 1.8 cm to 26.8 cm. The integrated albedo of the refreezing melt pond was in the
range of 0.28–0.57. Because of the thin ice lid, the albedo of the melt pond improved to twice as high as that of the
mature melt pond. These results provide a reference for the current state of Arctic sea ice and the mechanism of
its reduction.
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1  Introduction
Sea ice has been long considered an important factor affect-

ing global systems and an effective climatologic indicator, owing
to its sensitivity to climate change (Honda et al., 2009; Huang et
al., 2013; Lei et al., 2018; Johannessen et al., 2004). Research has
shown that Arctic sea ice has decreased in terms of extent (Com-
iso et al., 2008; Stroeve et al., 2012), thickness (Cheng et al., 2008;
Lindsay and Schweiger, 2015; Renner et al., 2014) and multiyear
ice (Comiso, 2012) over the past few decades. In particular for the
melting season, the average extent of September Arctic sea ice
decreased by 8.76% per decade from 1980 to 2017 (data obtained
from the National Snow and Ice Data Center). From 2011 to 2018,
the thickness of Arctic sea ice at the end of the melt season has
decreased by 2 m, or approximately 66%, relative to that in
1958–1976 (Kwok, 2018).

The reduction in Arctic sea ice cover during summertime re-
duces the sea ice albedo and leads to more radiation being trans-
mitted to the upper ocean (Perovich et al., 2009). The ice-albedo
feedback plays a key role in the mass balance of ice and the Up-
per Ocean in the Arctic (Maykut and Untersteiner, 1971). This
results from the ability of these surfaces to reflect most short-
wave irradiance. This ability, along with the rising temperature
that warms the snow and ice, causes reduces the albedo, leading
to further warming (Curry et al., 2001). In summer, the albedo of
sea ice cover depends upon the physical properties at the surface,
optical properties of snow and ice, and the properties and distri-

bution of melt ponds (Aoki et al., 2003; Curry et al., 2001; Per-
ovich et al., 2002; Grenfell and Perovich, 1984). The surface of
snow exhibits a higher albedo than that of bare ice (Mundy et al.,
2007), and the snow optical properties of snow depend on its
grain size and shape, depth of the snow layer, and its wetness and
impurities in it (Curry et al., 2001). The optical properties of sea
ice are determined by its thickness and physical properties
(brine, density, and crystal structure) (Lei et al., 2011; Perovich,
1996). Melt ponds exhibit a smaller albedo than bare ice, leading
to greater radiation transmitting to the ice, where this is influ-
enced by the depth of the pond and type of underlying ice (Per-
ovich et al., 2009).

In recent years, many investigations have been conducted on
the physical properties of ice and snow, and the results have
shown that the temperature of Arctic sea ice in summer slowly
increases, with salinity less than 4.0 psu (Han et al., 2015; Huang
et al., 2013; Wang et al., 2018). Many studies on the optical prop-
erties of sea ice have shown that its albedo ranges from 0.5 to 0.9,
and is primarily dependent on conditions at the surface (Nic-
olaus et al., 2012; Lei et al., 2012b; Lu et al., 2018b; Perovich et al.,
2009). The melt pond has been a popular object of research in re-
cent years (Lu et al., 2016; Polashenski et al., 2012; Webster et al.,
2015). Research has shown that the depth of the melt pond is less
than 70 cm (Morassutti and Ledrew, 1996), its size varies from
1 m2 to 1×105 m2 (Hohenegger et al., 2012), and its albedo ranges
from 0.1 to 0.5 (Perovich and Polashenski, 2012). In these studies,  
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melt ponds were considered the traditional open meltwater spots
on the ice surface usually seen on Arctic sea ice in the summer.
However, the melt pond may be covered by a thin ice lid even
midsummer because of strong radiative or turbulent heat losses
(Lu et al., 2018a). The thin ice lid influences the albedo, energy,
and mass balance of the melt ponds and the sea ice below
(Flocco et al., 2015). Calculations of the relevant model (Lu et al.,
2018a) have shown that an ice lid with a thickness of 20 cm ab-
sorbs 13% of the incident solar energy, half of that absorbed by a
0.3-m-deep meltwater below the ice lid. However, a field cam-
paign to determine the albedo of a refreezing melt pond has
rarely been undertaken.

Based on the Chinese National Arctic Expedition in 2018
(CHINARE-2018), we collected in-situ data on the physical prop-
erties of snow and sea ice, the albedo of snow and refreezing melt
ponds, and the characteristics of these melt ponds. The object-
ives were (1) to explore changes in the physical properties of
snow and sea ice, and (2) to quantify the impact of the thin ice lid
of the refreezing melt pond on albedo.

2  Materials and methods

2.1  Field site
During CHINARE-2018, the ice breaker R/V Xuelong ex-

plored sea ice in the range 73º–85ºN and 150º–175ºW, went into
the Arctic sea ice zone at 73.5ºN and 164.1ºW, on July 31, and
reached the northernmost point at 84.8ºN on August 20. It then
sailed southeast and out of the ice zone at 75.5ºN, and 166.1ºW
on August 31. In this expedition, nine short-term ice stations (S1
to S9) were carried out, and their locations are shown in Fig. 1.
The short-term ice stations were set-up on medium floes with a
diameter of 100–500 m, and the operation time was about four to
five hours. All data were collected on these stations according to
the relevant conditions, and the observations recorded were dif-
ferent. The specific test contents of each short-term ice station
are shown in Table 1.

2.2  Measurements

2.2.1  Ice and snow physical properties
The sea ice cores were obtained by using coring systems:

Mark II (KOVACS, USA), and six full-length ice cores were collec-
ted in each station. They were used to measure the temperature,
salinity, density, and crystal structure (two) of sea ice. The sea ice
temperature was measured in holes drilled into the side of the
core at 5 cm intervals immediately after sampling by using a PT-
100 needle probe with an accuracy of ±0.1°C. A second ice core
was cut into 10 cm long segments and placed in a plastic bottle
for it to melt completely to measure its salinity. Salinity was
measured by a portable WTW conductivity meter (Xylem Analyt-
ics, Germany) with an accuracy of ±0.5. The density and crystal
structure of sea ice were measured in a cold laboratory onboard
the R/V Xuelong. Density was measured by the weight and
volume of a cuboid ice sample (5 cm×5 cm×5 cm) from top to
bottom. The crystal structure was observed using a section thin-
ner than 1 mm sliced by the ice core (Huang et al., 2013).

The physical properties of snow, including its liquid water
content and density, were measured by a snow fork-LK1604
(Toikka, Finland). It measured the resonance frequency, attenu-
ation, and 3-dB bandwidth, and these results were used in turn to
calculate the liquid water content and density of snow with an ac-
curacy of approximate 2%. Figure 2 shows the field measure-
ments of snow. At the short-term stations, a 50 cm×50 cm snow
pit was excavated and measured every 2 cm from the surface of
snow cover to the bottom.

2.2.2  Albedo measurements
For albedo measurements, two Trios RAMSES-ACC-VIS hy-

per-spectral radiometers (Rastede, Germany; www.trios.de) were
used. One sensor was up-ward looking to measure the incident
irradiance and the other sensor was down-ward looking to meas-
ure the reflected irradiance. The sensors detected spectral irradi-
ance over a range of 320 to 950 nm. According to the manufac-
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Fig. 1.   Locations of ice stations, monthly sea ice concentration from AMSR2 data in August 2018 and tracks of the ship.
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turer, the sensitivity of the radiometer was 0.04–0.06 mW/(m2·nm).
The two sensors were connected to a TriBox3 unit and powered
by batteries. Measurements of the melt ponds and snow in-
volved the same setup. Two radiometers were fixed at both ends
of a horizontal bar with a length of 4 m, and were placed on a tri-
pod balanced by a counterweight (Fig. 3a). For the melt pond, the
tripod was set along the edge of the pond and the horizontal bar
extended 3 m toward the center of the melt pond to measure the
reflected irradiance (Fig. 3b). For snow, the same setup was ar-
ranged on unspoiled snow surface near the melt pond. The al-
bedo was measured for 10 min at each position and the sampling
interval was 15 s.

2.2.3  Characteristic of the melt pond
The characteristics of the melt pond were measured to better

understand the effects of the thin ice lid on albedo. The measure-
ment content included the thicknesses of the ice lid, water, and
underling ice. According to the distance between the down-ward
looking sensor and the surface (1 m), the sensor received more
than 95% of the measured signal from at least 4 m of undisturbed
surface around it (Nicolaus et al., 2010b). Therefore, as shown in
Fig. 4, we took the sensor as the center and drilled holes every 0.5 m
to measure the melt pond thickness in the range of 2 m in S4 and
S6. However, in the remaining ice stations, thickness was meas-
ured only at three or four positions in the effective range, owing
to a limited number of working hours. The thickness of snow was
also measured when the melt pond had snow cover.

2.3  Data processing
The irradiance spectra measured across 320–950 nm showed

high noise levels at the upper and lower ends, because of which
we limited the analysis of spectra above the ice surface to the
band 350–920 nm, as in Nicolaus et al.’s (2010b) work. All spec-
tral irradiance data were interpolated to a 1-nm grid. The spec-
tral albedo α(λ) was defined as the ratio of the upwelling irradi-
ance Fr(λ) to downwelling irradiance Fd(λ) above the surface
(Nicolaus et al., 2010a). To compare the albedo of different melt
ponds more intuitively, the broadband integrated albedo
(350–920 nm) was defined as follows (Lei et al., 2012b):

α =

∫ 


α(λ)Fr(λ)dλ∫ 


α(λ)Fd(λ)dλ

. (1)

3  Results

3.1  Physical properties of sea ice and snow

3.1.1  Sea ice crystal structure
The crystal structure of sea ice was analyzed with referenced

to the method used by Huang et al. (2013). Figure 5 shows the
typical sections (S6) under natural and polarized light. To com-
pare the structure of sea ice at different stations more intuitively,
a diagram of the textural structure of sea ice cores at all short-
term stations is shown in Fig. 6.

A thin granular ice layer with a thickness of 5–30 cm ap-

 

Fig. 2.   Snow physical properties measurement by the snow fork.
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Fig. 3.   Schematic diagram of the albedo measurement setup (a) and the photograph of the melt pond (S1) albedo measurement (b).

Table 1.   The observational contents of each short-term ice sta-
tion

Station
Date and

time (UTC)
Physical properties Albedo

Ice Snow Melt pond Snow

S1 10 Aug. 23:00–3:00 ○ × × ×

S2 12 Aug. 02:00–6:00 ○ ○ ○ ○
S3 13 Aug. 02:00–05:00 ○ ○ ○ ○
S4 14 Aug. 03:00–07:00 ○ ○ ○ ○
S5 14 Aug. 23:00–05:00 ○ × ○ ×

S6 20 Aug. 07:00–12:00 ○ × ○ ○
S7 21 Aug. 09:30–13:30 ○ × × ×

S8 23 Aug. 01:00–05:00 ○ × × ○
S9 24 Aug. 23:00–04:00 ○ ○ ○ ○

          Note: ○ means measurement, and × means “no”.
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peared at the top of all investigated ice cores. Many factors af-
fected the thickness of the granular ice layer, such as the salinity
of sea water, temperature, environmental and water conditions
(Timco and Weeks, 2010). Although the ice stations were close to
one another, samples of sea ice were collected from different ice
floes. Therefore, different growth environments resulted in differ-
ences in the granular ice layers. The grains of ice in these layers
were spherical or quasi spherical, with a typical size of 2–7 mm.
The thin granular ice layer can be classified as superimposed/
primary ice originating from the rapid consolidation of the dy-
namically grown frazil, but not snow ice, because its salinity was
nearly zero (Huang et al., 2013, 2016). During melting of the sur-
face, a large amount of deteriorated ice and cavities formed on
the top layer, especially for the 0–5 cm (Fig. 5). In all cases, a
transition layer could be easily founded between the top granu-
lar-ice layer and lower columnar-ice layer. The transition layer
was a zone of mixed columnar/granular ice (Weeks and Ackley,
1986). There were two ways for the transition layer to form. One
was through the transition of the growth regime from dynamic-
ally-growing frazil ice to congelation-grown columnar ice. This
kind of transition layer is the most common between granular
and columnar ice layers (Eicken et al., 1995). The other kind of
transition layer was formed based on the deterioration and re-
texturing of columnar ice due to sea-ice interior melting. This
kind of ice was highly porous and its crystal skeleton was broken
to a high degree. Highly porous ice was observed clearly in all
cases (e.g., Fig. 5), and the ice core samples were collected in the
melting period (10–24 August). Thus, the transition was caused
mainly by internal melting. Columnar ice formed the largest part
of the core in all cases, and its thickness ranged from 49 cm to 108
cm. It was formed through the consolidation of frazil crystals
(tiny spicules and platelets, a few millimeters in size) grown with-
in leads or at depth accumulated at the bottom of the ice cover
(Eicken et al., 1995). Inner, discontinuous interfaces were ob-
served at S3 and S6 from a thin section under polarized light,
such as the discontinuous interface of S6 shown in Fig. 5. These
inner discontinuous interfaces were not related to any inner
granular-ice layer or inclined columnar ice. They can be associ-
ated with the discontinuous thermodynamic growth processes in
winter, but not with the repeated freezing and thawing processes
and nor with dynamical deformation processes (Huang et al.,
2013). The thickness of the columnar ice layer depended on a
variety of factors, such as the growth rate of ice, salinity of the un-
derlying water, and magnitude of currents enhancing transport
away from the ice (Petrich and Eicken, 2009). Therefore, colum-

nar ice could stop growing at some time during winter due to
changes in external conditions and the ice could continue to
grow when the relevant conditions were met (Huang et al., 2013,
2016). This is discontinuous thermodynamic growth that gave
rise to inner discontinuous interfaces (Figs 5 and 6). According to
Fig. 6, the inner discontinuous interfaces were observed in S3
and S6, which means that the columnar ice layer in other ice sta-
tions was formed in one episode of thermodynamic growth. The
mean individual columnar-ice layer for all cases was (70±30) cm.
The maximum thickness of the individual columnar layer of ice
was 108 cm as observed at S7. According to Martin (1979), the
granular ice accounts for less than 10% of Arctic sea ice. In our
observation, the ratio of granular ice to all ice ranged from 0.07 to
0.10, and was consistent with Martin’s conclusion. The ratio of
granular to columnar ice ranged from 0.05 to 0.42 and did not ex-
hibit any proportional relation.

3.1.2  Sea ice temperature, density and salinity
The temperature, density, and salinity of sea ice were meas-

ured by ice samples of three lengths at an ice station. To com-
pare the profiles of temperature, density, and salinity more intu-
itively, we plotted data for the ice-core against the normalized
results in Fig. 7 (Huang et al., 2013).

In Fig. 7, the uppermost layers of ice in all cases had relatively
low density because the melting of the ice surface caused an in-
crease in porosity. This is also clear in Fig. 5. The average density
of the top ice layers (10 cm from the surface) was about 662 kg/m3.
The density of ice increased with depth due to a decrease in
porosity. From Fig. 5, it is clear that porosity decreased from the
top to a depth of 46 cm, where the ice was much clearer. The
density of ice decreased slightly at the bottom layer because the
increased porosity again caused the bottom ice to melt. The aver-
age density of all ice cores was (825±30) kg/m3, with a maximum
of 848 kg/m3 at S1 and a minimum of 803 kg/m3 at S9.

The salinity and temperature of sea ice exhibited a com-
pletely opposite trend to the above (Fig. 7). Salinity increased
slightly with depth and temperature decreased linearly with it.
The average temperature of sea ice was about (–0.22±0.08)ºC
with a maximum of –0.08ºC at S2 and a minimum of –0.31ºC at
S4. The average temperature of sea ice approached 0ºC at the top
layer, and decreased from top to bottom (–0.5ºC). The ice core
was warmer than the freezing point, especially in the upper layer.
As the sea ice warmed, it disintegrated, allowing individual brine
pockets to reconnect. These brine pockets determined the salin-
ity of sea ice. In the upper layer, the reconnect brine pocket led to
the discharge of brine, and salinity was about 0 psu. The average
salinity of all cases was about (1.36±0.31) psu, with a maximum of
1.96 psu at S1 and a minimum of 0.94 psu at S6.

3.1.3  The physical properties of the snow cover
Figure 8 shows profiles of the liquid water content of snow

and its density at S2 and S4. The water content and density in-
creased slightly with depth. Water content was low (0.44% and
1.07%) in the top layer, and increased to 2.92% and 5.52% in the
bottom layer. The water content influenced the density of snow
during melting as shown in Fig. 8. Density in the top layer was
189 kg/m3 and 218 kg/m3, and increased to 506 kg/m3 and
456 kg/m3 in the bottom layer. The coefficients of correlation
between the liquid water content of snow and its density were
0.95 and 0.85, respectively, and this agreement further illustrates
the effect of liquid water content on the density of snow. Table 2
summarizes the average liquid water content and density of snow
ranging from 0.31% to 3.37%, and 185 kg/m3 to 307 kg/m3, re-
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Fig. 4.     The effective measurement area of the reflected spec-
trum and the position where the melt pond was drilled.
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spectively. The low value at S4 was caused by new snowfall
(López-Moreno et al., 2013).

3.2  Albedo of melt ponds and snow cover
To better understand the effects of different melt ponds and

physical properties of snow on albedo, the surface condition and
properties of melt ponds, and values of the albedo were obtained.
We define the thicknesses of the snow, thin ice lid, melt pond wa-
ter and underlying ice as Hs, Hl, Hp, and Hi respectively.

3.2.1  The properties of melt ponds and surface conditions
Table 3 summarizes the properties of melt ponds and snow

cover, the albedo of which was measured. The melt ponds in S4
and S5 had a thin snow cover (2.6 cm and 3.5 cm, respectively),
the S4 was completely covered and S5 was partly covered (Fig. 9).
The average thickness of thin ice lid ranged from 2.2 cm to 7.0 cm,
and the depth of the pond ranged from 1.8 cm to 26.8 cm. The
underlying ice was all thicker than 100 cm, with a maximum of
160 cm at S4 and minimum of 105 cm at S6. Snow in this investig-

cavity

air bubbles

brine

channels 

0 cm

20 cm

36 cm

56 cm

60 cm

106 cm

56 cm 0 cm

granular ice

transformation layer

between granular ice 

and columnar ice 

columnar ice

20 cm

36 cm

56 cm

discontinuous

interface 

60 cm

106 cm

56 cm

 

Fig. 5.   Thin sections under natural light, polarized light, and the original sample for ice core collected in S6.
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Fig. 6.   Textural structure of sea ice cores and thickness of snow at short-term stations.
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Fig. 7.   Density, temperature, and salinity profiles against normalized depths of ice cores from short ice stations (temperature profile
of S1 was not measured).
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ation was relatively thin, and ranged from 3.0 cm to 10.2 cm. The
thickness of ice under snow cover was similar that under the melt
pond, and ranged from 116 cm to 180 cm.

Figure 10 shows the thickness distributions of the melt pond
at S4 and S6. The snow cover and ice lid were thick all around
and thin in the middle in S4. The thickness of snow decreased
from 2.5 cm to 1 cm, and then increased to 2.5 cm. The ice lid de-
creased in thickness from 10 cm to 3.7 cm and then increased to 10 cm.

The depth of melt pond represented the opposite trend. The
depth increased from 2 cm to 3 cm and then decreased to 0.5 cm.
The same trend was not observed in S6 because the area of meas-
urement was smaller than that of the melt pond. The ice lid in-
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Fig. 8.   Profiles of the snow liquid water content and density at S2 and S4.
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Fig. 9.   Photos of the melt pond surface.

Table 2.   Snow physical properties over short-term ice station

Station
Snow

thickness/mm
Average water

content/%
Average

density/kg·m–3

S2 100   1.59 307

S3 90 3.37 218

S4 67 0.31 185

S9 120   1.38 254

Table 3.   The average thicknesses of the melt pond and snow

Station
Melt pond/cm Snow/cm

Hs Hl Hp Hi Hs Hi

S2 0    2.2 12.4   – 10.2   –

S3 0    3.8 4.3 117 6.0 116

S4 2.6 7.0 1.8 160 2.5 –

S5 3.5 3.9 6.1 116 3.5 127

S6 0    5.5 11.9   105 3.0 –

S8 – – – – 3.8 180

S9 0 5.7 26.8   149 8.0 168

          Note: – means no data.
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creased slightly in thickness from 5.2 cm to 7.8 cm. The depth of
melt pond exhibited no regularity, and ranged from 6.6 cm to
23.7 cm.

3.2.2  Spectral albedo of the snow and melt ponds
Figure 11 shows the results of the albedo of the refreezing

melt pond. The oxygen content exhibited sharp absorption at
around 760 nm,  and was  sampled at  s l ight ly  di f ferent
wavelengths by the two sensors owing to their different
wavelength grids. Therefore, there were prominent noisy spikes
in spectral albedo at 750–775 nm (Keilin and Hartree, 1949; Nic-
olaus et al., 2010b). The highest spectral albedo occurred at S4,
with the value fluctuating from 0.48 to 0.57, brought about by
snow cover on the surface of the melt pond. The spectral albedo
of S5 was also partly covered by snow, and was lower than that of
S4, with a value ranging from 0.34 to 0.43. But the shape of the
curve of spectral albedo did not change much, and snow cover
played a decisive role in the albedo of the two melt ponds. Figure 9
shows approximately 50% snow cover in the measurement area

in S3. However, the thickness of snow was not measured, due to
without snow under the down-looking sensor. Therefore, the
shape of the spectral albedo was similar to that in S4 and S5, with
the lowest value (0.21 to 0.32). S2 and S6, at similar pond depths
had similar shapes of the spectral albedo. The spectral albedo
was higher at 350–600 nm than at 600–920 nm. However, the al-
bedo of S6 (0.33–0.51) was higher than that of S2 (0.17–0.44) be-
cause the thickness of the ice lid was 3.3 cm greater than that of
S2. The shape of the albedo curve in S9 was different from that in
the other cases, and there was no significant growth in the
400–700 nm band because of the deeper melt pond (Tucker III et
al., 1999; Lu et al., 2018a). By comparing the spectral albedo
curves of S2 and S6, snow cover was found to increase the albedo
at 400–600 nm. The integrated albedo exhibited the same trend
as the spectral albedo. The highest integrated albedo appeared at
S4, with a value of 0.57. The albedo values at S5, S6, and S9 were
all about 0.45, and were slightly lower at S2 and S3, with the val-
ues of 0.32 and 0.28, respectively.

Figure 12 show the results of the snow albedo. The highest al-
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Fig. 10.   The melt pond morphology and ice thickness under the melt pond of the S4 and S6.
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Fig. 11.   The refreezing melt pond spectral and integrated (in brackets) albedo.
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bedo occurred at S6, with a value ranging from 0.79 to 0.99. The
shape of the spectral albedo was similar that those at S3, S4, S5,
and S8. They had high albedo values in the PAR band (400–
700 nm), with values ranging from 0.49 to 0.79. The albedo at S3
was higher than that at S4 because the thicker snow (6.0 cm vs.
2.5 cm) reflected higher irradiance. The lowest albedo at S2 was
brought about by high density. The spectral albedo of S8 and S9
were different from those of others, and decreased with the
wavelength increasing. These albedo ranged from 0.49 to 0.71
and 0.51 to 0.75 respectively. The integrated albedo ranged from
0.61 (S2) to 0.95 (S6), and was higher than the albedo of the melt
pond.
 

4  Discussion and prospects

4.1  Changes in physical properties of Arctic sea ice
Data on the physical properties of Arctic sea ice in the Pacific

region measured by the Chinese National Arctic Expedition in
the last 10 years are summarized and analyzed here. They in-
clude data from 2008 (Lei et al., 2012a), 2010 (Huang et al., 2013),
2014 and 2016 (Wang et al., 2018). The locations of all measure-
ments are shown in Fig. 13. The measurement positions covered
76.3º–88.4ºN and 147.1º–179.6ºW (Table 4). These data were
grouped according to 80ºN, and were divided into high and low
latitudes. Figure 14 shows the average and standard deviation of
the sea ice temperature, density and salinity in these expeditions.
The average sea ice temperature in August increased from
–1.80ºC to –0.22ºC. The average salinity ranged from 1.3 psu to
1.8 psu at high latitudes, and from 1.5 psu to 2.3 psu at low latit-
udes, and the average sea ice density ranged from 681 kg/m3 to
743 kg/m3 at high latitudes, and from 759 kg/m3 to 898 kg/m3 at
low latitudes. Only the temperature of sea ice slowly increased,
and there was no regularity in changes in its salinity and density.
This was because the temperature of sea ice is mainly determ-
ined by the atmosphere and marine environment (Timco and
Week, 2010). However, its salinity and density are influenced by
the type of ice (first-year ice or multi-year ice), location of the ice
sample in the original sheet, testing techniques, and handling of
the ice after removal from sea water (Timco and Frederking,
1996; Timco and Weeks, 2010). Therefore, no regular trends re-
garding the salinity and density of sea ice were observed in these

data. These data indicated that the internal melting of Arctic sea
ice increased at the end of the melting season. This increase
provided favorable conditions for the decline of the sea ice to ac-
celerate (Huang et al., 2016). The field observations covered only
a small part of the Arctic sea ice, and further research is required
to obtain in-situ to determine the general trend of the internal
melting of sea ice over the entire Arctic.

4.2  Albedo of refreezing melt pond
To better understand differences in the albedo of the refreez-

0.4

0.6

0.8

1.0

300 400 500 600 700 800 900 1 000

A
lb

ed
o

Wavelength/nm

S6 (0.95)
S5 (0.81)

S3 (0.72)

S4 (0.68)

S8 (0.63)

S2 (0.61)

S9 (0.66)

 

Fig. 12.   The snow cover spectral and integrated (in brackets) albedo.
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Fig. 13.     Measurement positions of the physical properties of
Arctic sea ice in the Pacific region over the past 10 years.

Table 4.   Dates and positions of in-situ measurements of Arctic
sea ice in the last 10 years

Year Date
Ice station

number
Position

Latitude (N) Longitude (W)

2008 27 Aug.–2 Sep. 5 79.9º–85.2º 147.1º–162.8º

2010 30 Jul.–23 Aug. 7 77.5º–88.4º 158.9º–177.2º

2014 10 Aug.–28 Aug. 8 76.7º–80.9º 149.4º–163.1º

2016 4 Aug.–20 Aug. 7 76.3º–82.3º 167.0º–179.6º

2018 10 Aug.–24 Aug. 9 79.2º–84.7º 156.1º–169.4º
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ing melt pond, Fig. 15 shows the Arctic sea ice albedo of different
surface conditions, such as with new snow and autumn freeze
(Nicolaus et al., 2010a), melting snow, early seasonal melt pond,
and mature melt pond (Grenfell and Maykut, 1977). These condi-
tions reflect different seasons in the Arctic as well as seasonal
variations in the sea ice albedo. The data reported by Grenfell
covered wavelengths in the range of 400–1 000 nm, and Nicolaus
used the same sensor covered 350–920 nm. For the refreezing
melt pond, Fig. 15 shows the average and scope of these observa-
tions.

The highest albedo was the new snow and autumn freeze up,
and they were about twice as high as refreezing melt pond (Fig. 15).
The melting of snow increased water content, which reduced the
albedo, especially in the near infrared band (760–100 nm) (Lei et
al., 2012b). The albedo of melting snow was 70% higher than that
of the refreezing melt pond. For the three types of melt ponds, the
shapes of the albedo curve for the early seasonal melt pond and
refreezing melt pond were very different. The early melt pond ex-
hibited a high albedo at 400–600 nm, owing to the shallow melt-
ing pond. However, the open water surface brought about the

low albedo at 600–920 nm. Compared with the mature melt
pond, the thin ice lid improved the albedo, especially in the near
infrared band. Figure 15 shows that the albedo decreased and
then increased within a year, during the melting and freezing of
Arctic sea ice.

4.3  Data quality and prospects
In this section, we discuss the uncertainty in the data on sea

ice physical properties and albedo measurement, and propose
improvements.

For the sea ice physical properties, uncertainty was mainly
brought about by the temperature of sea ice and its density.
When measuring temperature, it was necessary to drill and
measure temperature immediately after the collection of the ice
core. The heat generated by friction between the metal bit and
the ice sample during drilling resulted in the measured temperat-
ure being slightly higher. A drill bit composed of high-strength
insulated plastic materials can be applied to reduce the gener-
ated heat to improve the accuracy of measuring the sea ice tem-
perature in future measurements. The measurement of density
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Fig. 14.   The average and standard deviation of the Arctic sea ice temperature (a), salinity (b) and density (c) in the past ten years
(data collected by Lei et al., 2012a; Huang et al., 2013; Wang et al., 2018).
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required that the ice sample be processed into standard cubes.
This processing could not be completed in the field, and the
samples needed to be transported to a cryogenic laboratory for
this. During transport, the brine inevitably loosened, which resul-
ted in the density being measured below the actual value. A
buoyancy method used for measuring the density of irregular ice
samples in situ can be used to avoid having to transport the ice
samples and improve the accuracy of measurement.

The setup for the measurement of the albedo of the melt
pond used here was very convenient. However, it could measure
only the albedo at the edge of the melt pond, but could not meas-
ure that of the entire melt pond with a large area. To measure the
thickness of the melt pond, it was impossible to measure the
morphology of the entire melt pond in light of the safety of the
surveyors. UAVs (Unmanned Aerial Vehicles) have been widely
used in field investigations (Galley et al., 2009; Berni et al., 2009),
and the GPR (Ground Penetrating Radar) has been widely ap-
plied to measure the thickness of ice (Galley et al., 2009). In fu-
ture work, UAVs should be equipped with Trios and a GPR to
measure the albedo and the morphology of entire melt ponds.
This will significantly improve the efficiency and accuracy of
measurement.

5  Conclusions
Arctic sea ice/snow at the end of the melt season in 2018 was

investigated during CHINARE-2018, in terms of temperature, sa-
linity, density, textural structure of sea ice, density, water content
and albedo of snow cover, as well as morphology and albedo of
refreezing melt pond. This constitutes basic knowledge to better
understand the current state of sea ice and the impact of the re-
duction in Arctic sea ice on the global climate.

The average Arctic sea ice temperature in August was approx-
imately –0.21ºC and increased by 1.5ºC from 2008. The high tem-
perature aggravated the internal melting of the sea ice and resul-
ted in a decrease in salinity. The average salinity of sea ice was
about 1.3 psu, and has decreased by about 20% in the last decade.
Its density was approximately 825 kg/m3, with the value ranging
from 746 kg/m3 to 835 kg/m3 in the past 10 years. Textural obser-

vations showed that all ice cores collected consisted of first-year
ice, which was dominated by columnar grained ice. The indi-
vidual freezing and thawing conditions brought about a differ-
ence in sea ice texture at each ice station. The average water con-
tent and density of snow were 0.74% and 241 kg/m3, respectively.
The integrated albedo of snow cover ranged from 0.61 to 0.95,
and was mainly influenced by the thickness of snow, and its wa-
ter content and density.

Eight refreezing melt ponds were measured in this investiga-
tion. The thickness of the ice lid ranged from 2.2 cm to 7.0 cm,
and the depth of the pond ranged from 1.8 cm to 26.8 cm. The ice
lid was thick on both sides and thin in the middle, and the depth
of the pond exhibited the same trend. The integrated albedo of
the refreezing melt pond ranged from 0.28 to 0.57. When there
was snow on the surface of the refreezing melt pond, the albedo
was mainly influenced by the snow cover. The thin ice lid im-
proved the albedo of the melt pond, which was twice as high as
that of the mature melt pond.

Field investigations can promote our understanding of the
physical properties of Arctic sea ice and the mechanism of reduc-
tion in it. The albedo of the refreezing melt pond can be used to
understand and calculate the mass balance of Arctic sea ice in
autumn. In future work, these results will be incorporated into
large-scale climate models, to improve forecasts relating to Arc-
tic sea ice. More automatic observation equipment should be de-
veloped to measure the density and salinity of sea ice. The obser-
vation times and number of short-term and long-term ice sta-
tions should be extended, to provide more basic background data
support for related research.
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