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Abstract
The surface roughness characteristics (e.g., height and slope) of sea ice are critical for determining the pa-
rameters of an electromagnetic scattering, a surface emission and a surface drag coefficients. It is also im-
portant in identifying various ice types, retrieval ice thickness, surface temperature and drag coefficients 
from remote sensing data. The point clouds (a set of points which are usually defined by X, Y, and Z coor-
dinates that represents the external surface of an object on earth) of land fast ice in five in situ sites in the 
eastern coast Bohai Sea were measured using a laser scanner-Trimble GX during 2011–2012 winter season. 
Two hundred and fifty profiles selected from the point clouds of different samples have been used to calcu-
late the height root mean square, height skewness, height kurtosis, slope root mean square, slope skewness 
and slope kurtosis of them. The root mean square of the height, the root mean square of the slope and the 
correlation length are about 0.090, 0.075 and 11.74 m, respectively. The heights of 150 profiles in three sites 
manifest the Gaussian distribution and the slopes of total 250 profiles distributed exponentially. In addition, 
the fractal dimension and power spectral density profiles were calculated. The results show that the fractal 
dimension of land fast ice in the Bohai Sea is about 1.132. The power spectral densities of 250 profiles can be 
expressed through an exponential autocorrelation function.
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1 Introduction 
Sea ice has caused a lot of adverse impacts on an offshore 

aquaculture, a marine transportation, and an offshore oil en-
gineering. To limit these adverse impacts, it is critical to collect 
the information of sea ice (thickness, extent and concentration) 
precisely. A remote sensing technology has superiority for ob-
taining real-time and large-scale sea ice information, and it has 
played an important role in sea ice monitoring in the Bohai Sea 
in recent years. 

As a general rule, the sea-ice surface is always rough (Wad-
hams, 2000). So most of the sea-ice surface in the Bohai Sea 
are also not smooth, but rough and uneven (Ding, 1999). The 
roughness of the sea-ice surface can influence the distribution 
characteristics of a sea-ice reflectance, the scattering coefficient 
and emissivity in different directions and the average value of 
these parameters in 2π space corresponding to the space above 
the sea-ice surface whose solid angle is just 2π (Xu, 2006; Jin, 
1993), which may generate errors in the inversion of sea-ice 
thickness and surface temperature using remote sensing data.

Previous studies on the roughness of sea ice were focused 
on the sea ice near the Arctic Ocean and Antarctic waters. Us-
ing airborne laser altimeter measurements, Mai et al. (1996) 

determined the distance and the size of the floating ice in the 
Fram Strait using the frequency distribution characteristics of 
the height of the sea-ice surface above water and estimated 
the drag coefficient of the sea-ice surface using these results. 
Hibler III and Leschack (1972) obtained the contour data from 
the underside and surface of the sea-ice in the Arctic Ocean us-
ing a sonar and a laser scanner based on an energy spectrum 
analysis. The results show that the distribution of the ice ridge 
is not random on the bottom of the sea-ice; there is great dif-
ference between multiyear sea-ice and one-year sea-ice. Ri-
vas et al.(2006) obtained the surface contour of the sea-ice in 
Veaufort, Chukchi and the Bering Sea using an airborne lidar 
technology, and calculated the power spectral density function, 
correlation length and root mean square of the born ice, one-
year flat ice, one-year non-flat ice and multiyear ice in the three 
sea areas. The results show that the Lorentz function describes 
the power spectral density function of the height of the sea-ice 
surface in these sea areas fairly well. Dierking (1995) obtained 
the height data of the sea-ice surface in the Weddell Sea based 
on a laser altimeter, analysed the relation between the height of 
sea-ice ridges and their distances and showed an exponential 
relationship between them. Using a fractal analysis, Gneiting et 
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al. (2010) has calculated the fractal dimension of the parabola of 
the arctic sea-ice surface. In contrast, studies on the roughness 
features of the sea ice in the Bohai Sea are relatively rare. Li et al. 
(2009) monitored the fixed sea ice near the Liaodong Gulf with 
CCD cameras, using the probability distribution features of the 
height of hummocked ice and the cutting angle of the profile. 
We are not aware of any detailed surface roughness character-
istics investigation.

In recent years, Trimble GX 3D laser scanner has been wide-
ly used in the research of microgeomorphology. It can conve-
niently obtain the morphology data of a ground surface with a 
standard derivation of 6.5 mm at a distance of 200 m, so it is 
feasible to apply such an instrument to the in situ study of the 
sea-ice surface roughness.

The statistical parameters, the fractal dimension and the 
power spectral densities are common parameters used to de-
scribe the roughness of sea ice. The statistical parameters in-
clude the mean, root mean square, skewness, kurtosis and fre-
quency histogram. The calculation of the statistical parameters 
is quicker for the sea- ice surface height data because it can 
rapidly consider the status of the sea-ice surface height distri-
bution. However, it is difficult to fit and simulate the surface 
morphology of the sea ice. The fractal dimension can reflect the 
roughness of the surface profile (Davies and Hall, 1999; Gneit-
ing and Schlather, 2004). Within the known fractal dimension, 
we can simulate the rough surface according to certain func-
tions of fractal characteristics and calculate other related pa-
rameters (Jaggard and Sun, 1990; Franceschetti et al., 1996). For 
example, according to the fractal dimension, the rough surface 
can be simulated well with Weierstrass-Mandelbrot function 
(Guo et al., 2010). To a certain extent, the power spectral den-
sity can eliminate the apparatus and sampling errors that are 
inevitable in an actual measurement. In addition, it is easier to 
establish the relationship between the surface statistics and the 
surface reflectivity through the power spectral density (Stover, 
1995).

In order to provide the qualitative and quantitative features 
of the Bohai Sea ice surface roughness, which can later be used 
for better estimate the ice type, the ice thickness and the surface 
temperature drag coefficients from the remote sensing data, we 
measured the point clouds in five in situ sites in the eastern 
coast Bohai Sea using a laser scanner-Trimble GX during 2011 

to 2012 winter season and 250 profiles were selected to calcu-
late the statistical parameters (height root mean square (rms), 
height skewness, height kurtosis, slope root mean square, slope 
skewness and slope kurtosis), the power spectral density and 
their fractal dimensions, under the assumption that the rough-
ness of the sea-ice surface is isotropic. Concrete qualitative and 
quantitative information of surface roughness characteristics of 
land fast ice in the Bohai Sea were obtained after summarizing 
the calculated results. 

2 Field measurement

2.1 Instrument
A Trimble GX 3D laser scanner made by Trimble Navigation 

Company (USA) was used. The main wavelength of the laser 
pulse is 532 nm, with a field range of 360°×60°, a scan resolution 
of 3 mm at a distance of 50 m, a standard deviation of 6.5 mm 
at a distance of 200 m, a horizontal scanning range of 200 000 
points and a vertical one of 65 536 points. The instrument uses 
an automatic level compensation and a real-time temperature 
compensation. It also can run an atmospheric correction re-
sulting in point cloud output, a set of points which are usually 
defined by X, Y, and Z coordinates, and represents the external 
surface of an object on the earth.

2.2 Locations and programs
Field measurements were made in January and February 

2012, during a period where the maximum amount of sea-ice 
formed in the Bohai Sea in the winter of 2011 to 2012. The over-
all ice condition of the winter of 2011 to 2012 was a normal ice 
year in the Bohai Sea (NCSBSOAPRC, 2013). The maximal thick-
ness of the single layer level ice of the Liaodong Gulf, the Bohai 
Gulf and the Laizhou Gulf was 45, 20 and 20 cm, respectively, 
and the common thickness was 10–20, 5–10 and 10–20 cm, re-
spectively (NCSBSOAPRC, 2013). The maximal distance of the 
sea-ice edge from the coasts of the Liaodong Gulf, Bohai Gulf 
and Laizhou Gulf was 74, 24 and 23 km, respectively, and the 
maximal sea-ice area of Liaodong Gulf, Bohai Gulf and Laizhou 
Gulf was 21 001, 6 346 and 3 306 km2 (NCSBSOAPRC, 2013). 

Five sites in the eastern coast Bohai Sea were selected for 
the field measurements (Fig. 1). The concrete sea-ice condition 
and meteorological measurements were listed in Table 1. The 

Table 1. The sea ice and weather conditions in situ
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Date 2012-02-05 2012-01-15 2012-02-15 2012-02-09 2012-01-13

Description melting and freezing 

on the surface

collision and small 

ice pieces

collision and large 

ice pieces

violent collision stranded ice, 

stranded on the reef

Measured sea- ice thickness/cm 35–38 30–38 30–40 25–45 30–42

Sea ice concentration within 0.5 

km from the coast/%

about 95 about 95 about 90 about 90 about 95

Snow cover no no no no no

Air temperature/°C −1.55 −2.82 −4.45 −2.02 −2.16

Wind speed/m·s-1 3.713 2.257 1.587 2.221 1.093

Measured area/m2 800 36 000 39 000 39 000 20 000

Resolution 4 mm @ 10 m 4 mm @ 10 m 6 mm @ 10 m 4 mm @ 10 m 5 mm @ 10 m

Notes: The numerical orders from Sample 1 to Sample 5 were on the basis of ice ages. “4 mm @ 10 m” means the resolution is 4 mm at 
a distance of 10 m.
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weathers were fine during our measurements, and the tempera-
tures were below 0 °C, so the ice samples were not melting. The 
rougher the surface was, the larger the measured area was. Con-
sidering the time-consuming nature of the measurement and 
the spatial resolution, the scan resolution was set to be 4–6 mm 
at a distance of 10 m during the measurement (Table 1).

3 Results and analysis
As a general rule, the point cloud obtained by the Trimble 

GX 3D laser scanner was the point cloud on one side of the sea 
ice. We assumed that the roughness characteristics of the sea 
ice are isotropic. Fifty profiles were selected from the point 
cloud of each sample listed in Table 1 (a total of 250 lines). 
The total height distribution histogram, root mean square (σz) 
of height, height skewness (αz), height kurtosis (кz), correlation 
length (lz), the slope (s) distribution histogram, the mean slope  
(s), root mean square (σs) of the slope, height skewness (αs), and 
slope kurtosis (кs), the fractal dimension and the power spectral 
density of each sample were calculated. The methodology of 

data processing is presented in the Appendix.

3.1 The characteristics of the statistical parameters
In general, rough sea ice is primarily formed by the freez-

ing and thawing effect on the smooth ice surface (Sample 1) or 
refreezing of ice pieces (Samples 2–5). Figure 2 shows the height 
and slope versus frequency histograms of samples. The num-
ber of bins in each histogram was 30, and the slope was repre-
sented by the tangent value. On the basis of Fig. 2 and Table 2, 
it is clear that Sample 1 which formed mainly by freezing and 
thawing, has rms of only 0.009 m. The mean slope of Sample 1 
is the smallest (0.013), and the rms of the slope is 0.015. Sample 
2 is a single-layer sea ice that formed from the ice pieces and 
its surface height is higher than that of Sample 1, with a height 
rms of 0.027 m, a mean slope of 0.019 and a slope rms of 0.019. 
The forming processes of Samples 2 and 3 were basically same, 
while the size of the ice pieces was different (Sample 3 being 
larger than Sample 2, with a height rms of 0.061, a mean slope 
is of 0.065, and a slope rms of 0.093). Sample 4 was formed as a 
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Fig.1. The spatial distribution of the sea-ice measurement locations. The photo numbers denote the sample numbers.

Table 2. The statistical parameters and fractal dimensions of the various sample section lines

Nd/m σz/m αz кz s σs αs кs lz/m 2D̂

Sample 1 13.0 0.009 -1.052 2.826 0.013 0.015 1.741 3.397 2.4 1.087 

Sample 2 120.0 0.027 0.335 2.493 0.019 0.019 3.299 38.595 20.0 1.134 

Sample 3 150.0 0.061 1.554 7.396 0.065 0.093 2.877 13.539 8.7 1.154 

Sample 4 203.8 0.218 0.257 3.188 0.190 0.281 2.806 12.505 15.6 1.169 

Sample 5 79.8 0.136 0.661 3.894 0.087 0.120 3.979 23.710 12.0 1.118 

Notes: Nd is the length of the selected profile with N sampling points and a resolution of d, and the detail information is in Appendix.
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result of a severe collision, and its ice pieces cannot be clearly 
observed. For Sample 4, the height of the rms (0.218 m) in-
creased significantly, the mean slope is 0.190 and the rms slope 
is 0.281. Sample 5 formed as the sea ice floated to the shore at 

high tide and was stranded or at low tide. Sample 5 has a height 
rms of 0.136 m, a mean slope of 0.087 and an rms slope of 0.120. 
Regarding the height skewness with third-order statistics, the 
height frequency histograms are skewed to the right except 

a. Sample 1

b. Sample 2

c. Sample 3

d. Sample 4

e. Sample 5

− − − −−

− −− −

−− − − −

− − − − −

−−− − −

Fig.2. The height (z) frequency and slope versus frequency histograms of the various samples. The left column is the height 
frequency histograms and the right column is the slope frequency histograms. The slope is calculated from Eq. (2b)
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for Sample 1, which has a skewness of −1.052 and is therefore 
skewed to the left. For the height kurtosis of fourth-order sta-
tistics, the kurtosis of Samples 1 and 2 are lower than those of 
the normal distribution (3.0), and the kurtosis of the other three 
samples are greater than the normal distribution. In regards to 
skewness and kurtosis of the slope, Sample 2 has the maximal 
kurtosis of 38.595, but the kurtosis of Sample 1 is only 2.652. The 
order of the degree of kurtosis is Sample 2 greater than Sample 5 
greater than Sample 3 greater than Sample 4 greater than Sam-
ple 1. We found that the slope skewness is the only statistical 
parameter for which stranded ice (Sample 5) is greater than all 
other ice types.

Table 3 is a comparison table that illustrates the chi-square 
test score values of the height versus frequency histogram and 
slope versus frequency histogram. The height versus frequency 
histogram was based on the assumption of the normal distribu-
tion and is expressed as

2

2

1 ( )( ) exp
22 zz

z zf z
σπσ

 −
= − 

 
,                           (1)

where f(z) represents the probability density function; z is an 
average value; σz is the root mean square. The slope versus fre-
quency histogram was based on the assumption of exponential 
distribution and was expressed as
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where ( )f s′ is the probability density function; r, ,p ns′  is the slope 
of profile p with sample n that considers the aspect, and the neg-
ative values indicate that their aspects are π; r, ,p nz is the relative 

height. The formula of the chi-square test (Bendat and Piersol, 
2010) is

2

1

M
i i

i i

O E M
E

χ
=

−
=∑ ,                                              (3)

where χ2 is a chi-square value; Oi is a measured value; Ei is a 
theoretical value; M represents the number of samples. On the 
basis of Table 3, the height versus frequency histograms of Sam-
ples 1 and 3 do not fit the normal distribution, while Samples 2, 
4 and 5 are normally distributed. The slopes of all five samples 
are distributed exponentially and only the chi-square value of 
Sample 5 is close to the threshold. 

3.2 Fractal dimension characteristics
Table 4 shows that the fractal dimensions of five samples are 

greater than their geometric dimensions (1.0). The maximum 
fractal dimension was observed for Sample 4 (1.169), while the 
minimum is for Sample 1 (1.087). The maximum of the fractal 
dimension is less than 1.2, which is also less than the fractal 
dimension in the arctic sea-ice (approximately 1.38) (Gneiting 
et al., 2010). This shows that the roughness of the one-year 
sea-ice in the Bohai Sea is not much larger than the multiyear 
sea ice. Table 4 shows the correlation coefficient between the 
statistical parameters presented in Table 2. The height of the 
rms (σz) is correlated significantly with the mean slope ( s )  
and the slope of rms (σs) (the correlation coefficient is 0.98 and 
0.97, respectively). The mean slope ( s ) was closely related to 
that slope of rms (σs), while the kurtosis (αs) of the slope was 
related to the relative length (lz). This may have occurred 
because there was a certain similarity in the calculation method 
of these statistics. In addition, the second-order statistics have 
a low correlation with third-order and fourth-order statistics. 
For example, the correlation coefficient between height of 

Table 4. The correlation coefficient between different parameters

σz/m αz кz s σs αs кs lz/m 2D̂

σz/m 1.00 0.25 -0.03 0.98 0.97 0.38 -0.09 0.36 0.63

αz 1.00 0.78 0.26 0.25 0.63 0.34 0.36 0.68 

кz 1.00 0.05 0.06 0.10 -0.24 -0.28 0.38 

s 1.00 1.00 0.22 -0.20 0.31 0.72 

σs 1.00 0.20 -0.22 0.29 0.72 

αs 1.00 0.73 0.64 0.32 

кs 1.00 0.84 0.18 

lz/m 1.00 0.59 

2D̂ 1.00 

Table 3. A chi-square test of the height versus frequency histograms and slope versus frequency histograms

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Normal distribution 36.35 4.60 10 803.95 0.88 4.80 

Threshold (Prob=0.95) 16.93 16.93 16.93 16.93 16.93 

Exponential distribution 2.91 11.50 12.39 12.95 15.52 

Threshold (Prob=0.95) 17.71 17.71 17.71 17.71 17.71 
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rms (σz) and height of kurtosis (αz) is only −0.03. The highest 
correlation occurred between the fractal dimension ( 2D̂ ) and 
the mean slope ( s ) and the fractal dimension ( 2D̂ ) and the 
slope of rms ( sσ ); both are 0.72. In practical applications, to 
reduce the redundancy of the information, we can select only 
one parameter for analysis with high correlation statistics. 

3.3 The characteristics of power spectral density
The figures from Fig. 3a to e show that the profiles of the sur-

face height and power spectral density of Sample 1 to Sample 
5. The left column of Fig. 3 is the profiles of the surface height, 
and the right column is the profiles of the power spectral den-
sity. The minimums of spatial frequency of the five samples are 
not identical because of the different sampling intervals. The 
values are 0.076 9, 0.008 3, 0.006 7, 0.004 9 and 0.012 5 m−1, for 
Samples 1–5, respectively. The maximum value is the same for 
all samples with a value of 5 m−1. The sequence of the power 
spectral density values of the five samples is as follows: Sample 
4>Sample 5>Sample 3>Sample 2>Sample 1. This order corre-
sponds to the order of the root mean square of the height in 
Table 2. For the purpose of analysing the characteristics of the 
power spectral density of the height profiles, the hypothesis is 
that the autocorrelation functions of height profiles may be ex-
pressed by a Gaussian autocorrelation function and an expo-
nential autocorrelation function, and the Chi-square test is also 
carried out based on Eq. (3). 

The formula of the Gaussian autocorrelation function is

2
2( ) exp( )z

z

rg r
l

δ −
= ,                                          (4)

where ( )g r  represents the autocorrelation function, 2 1r x x= − , 
is the distance in the x  direction. The power spectral density of 
the Gaussian autocorrelation function is expressed as

2 2 2
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42

z z zl f ld f δ  −
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π  
,                          (5)

where ps,G ( )d f  represents the power spectral density of Gauss-
ian auto-correlation function; f is the frequency. The expres-
sion of the exponential auto-correlation function is:
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z
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= .                                          (6)

The power spectral density is

2
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z z

z
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f l

δ
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π +

.                                      (7)

In Eqs (5) and (7), the power spectral density function is only re-
lated to the height of rms ( 2σ ) and correlation length ( zl ). The 
height of rms ( 2σ ) and correlation length ( zl ) can be substitut-

ed in Table 2 into the Eqs (5) and (7), respectively, to calculate 
the chi-square ( 2χ ) value using Eq. (3) and the power spectral 
density ( ps,G ( )d f ) in Fig. 3. The results are shown in Table 4. 

In Table 5, the power spectral density of the five samples is 
closer to the power spectral density of the exponential autocor-
relation function (i.e., the height autocorrelation function is 
the exponential autocorrelation function). Moreover, in Fig. 3 
the spatial frequency is less than 1.0 m-1, when the calculated 
values of the power spectral density and the power spectral 
density exponential autocorrelation function are closer, and 
with the increase of frequency, the difference between the two 
increased. This may be caused by errors that occurred during 
measurement and the resample process. 

4 Discussion and conclusions
Five in situ sites in the eastern coast Bohai Sea were selected, 

and the land fast ice surface heights were measured using the 
Trimble GX 3D laser scanner in January and February 2012, dur-
ing the period with the maximum sea-ice formation in the Bo-
hai Sea in the winter of 2011 to 2012. The statistical parameters, 
fractal dimension and power spectral density of the 250 profiles 
selected from the sea-ice surface height data were calculated, 
and the following primary conclusions were drawn. First, the 
heights of 150 profiles in three sites show the Gaussian distribu-
tion and the slopes of total 250 profiles show the exponential 
distribution. The root mean square of height, root mean square 
of slope and the correlation length of land fast ice in the Bohai 
Sea are about 0.090, 0.075 and 11.74 m, respectively. Second, the 
fractal dimensions are larger than the corresponding geomet-
ric dimensions for all the samples, and the fractal dimension 
is about 1.132. Thirdly, the power spectral densities of total 250 
profiles are the exponential autocorrelation function. The er-
rors in this study are mainly caused by the laser scanner and the 
data resampling.

The statistical parameters, the fractal dimension and the 
power spectral density are related to the resolution and quanti-
ty of the samples, which are referred to the scale effect. The sta-
tistical parameters, the fractal dimension and the power spec-
tral density may be different for different samples on different 
scales. The ratio of the wavelength to the surface height must 
be considered to calculate the electromagnetic energy from 
the scattering and the emission. To estimate the quantity of the 
electromagnetic energy from the scattering and emission more 
accurately for sea ice, we must investigate the characteristics of 
roughness of sea ice on different scales. As described in Section 
3, there is a relationship among the statistical parameters, espe-
cially the root mean square of height and the root mean square 
of slope, fractal dimension and the power spectral density. This 
may be attributed to the sea-ice surface roughness or the meth-
ods of calculation. 

In general, the statistical parameters are used to measure 
the sea-ice surface roughness when establishing the empirical 

Table 5. The power spectral density and chi-square test

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5

Exponential autocorrelation function 0.07 84.96 234.99 563.24 92.90

Gaussian autocorrelation function 126  771 4.72×1022 6.78×1030 1.41×1020 1.33×10107

Threshold (Prob=0.95) 64.94 598.71 748.85 1 018.06 398.50
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models. However, the fractal dimension and the power spec-
tral density are used more frequently to represent the sea ice 
surface roughness if the semi empirical models or mathemati-

cal and physical models are constructed. Understanding the 
roughness characteristics of the sea-ice surface is important for 
improving the accuracy of determining the thickness of the sea-

a. Sample 1

b. Sample 2

c. Sample 3

d. Sample 4

e. Sample 5
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Fig.3. The height profile and power spectral density (dp,s) curve of different samples. The left column represents the height curve 
and the right column represents the power spectral density curve. The black solid line is the practical calculation value of the power 
spectral density and the red dotted line is a theoretical calculations of the power spectral density for the exponential distribution.



LIU Chengyu et al. Acta Oceanol. Sin., 2014, Vol. 33, No. 7, P. 97–106104

ice, the temperature of sea-ice surface, and the drag coefficients 
using remote sensing data. For the sea-ice thickness inversion, 
if one knows the parameters (root mean square of height, root 
mean square of slope, and different models need different in-
puts) describing the characteristics of the surface roughness, 
the amount of surface scattering can be calculated using sur-
face scattering approximation methods (Kirchhoff approxima-
tion, small perturbation method) (Jin, 1993), then it can be put 
into a sea-ice radiation transfer equation to determine the sea-
ice thickness combined with the related structural parameters 
(porosity, contents of brine pockets and bubbles, particle size 
distributions of brine pockets and bubbles, spatial distribu-
tions of brine pockets and bubbles). When the scatter is reflec-
tion symmetric, the value depends on the surface roughness 
and on the local incidence angle. There is a sensitive decrease 
of circular polarization coherence with increasing of the prod-
uct of the wavenumber and the rms of the height in the micro-
wave band, over a range of 0 to 1, because of the depolarizing 
effects of small-scale surface slopes (Mattia et al., 1997; Schul-
er et al., 2002). And the relationship is mainly exponential in  
C-band (Gupta et al., 2013). For the inversion of the sea-ice sur-
face temperature, the thermal infrared radiation of the sea-ice 
surface can be modelled with the parameters of the sea-ice sur-
face roughness (Hapke, 1993; Li et al., 1993; Liu et al., 2013), and 
the accuracy of temperature estimation of the sea-ice surface 
can be improved by means of calculating the sea-ice emissiv-
ity at different viewing angles with different rms of height in 
the Bohai Sea via the so-called linear kernel driver model (Liu, 
2013). For the drag coefficient inversion, one can conveniently 
estimate the drag coefficient of the sea-ice surface after input-
ting the parameters of the sea-ice surface roughness (for ex-
ample, root mean square of height) into the formulas for the 
estimation of the drag coefficients (Banke and Smith, 1973; Mai 
et al., 1996; Steiner et al., 1999).

In this paper, we provide the quantitative description on the 
sea ice surface roughness in the Bohai Sea, which may further 
be applied to sea-ice modelling. Our future work will be focused 
on the quantitative description of roughness of float ice to com-
pare the different characteristics of surface roughness of land 
fast ice and float ice to give an overall description of surface 
roughness of all ice types in the Bohai Sea.
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The selected profiles were resampled with a resolution of  
0.1 m. Subtracting the mean of the profile, the resulting line was 
denoted by , r , ,( , )p n p nx z , p is the serial number of the profile, and n
is the serial number of the sampling points, { }0,1,2,3, , 1n N∈ − ,  
where N is the amount of the sampling points. ,p nx  is the ab-
scissa of the sample (which was the profile p with the sample n), 
and r, ,p nz is the relative height of profile p

 
of Sample n.

1 Statistic parameters
The total height distribution histogram, root mean square  

( zσ ) of height, height skewness ( zα ), height kurtosis ( zκ ), cor-
relation length ( zl ), the slope ( s ) distribution histogram, the 
mean slope ( s ), root mean square ( sσ ) of the slope, height 
skewness ( sα ), and slope kurtosis ( sκ ) of the 50 profiles of each 
sample were calculated. The formulas used to calculate statisti-
cal parameters were listed in Table A1.

2 Fractal dimension
The fractal analysis has been widely applied in a data analy-

sis involving time, section line and surface profiles in almost 
all disciplines (Mandelbrot, 1982). The main methods used to 
calculate the fractal dimension are the box-count method, the 
Hall-Wood method, the variation method, the energy conver-
sion method, the semiperiodogram method, and the wavelet 
transform method. Gneiting et al. (2010) have shown that the 
variation method is more suitable for the fractal analysis of 
spatial data, so we chose this method to calculate the fractal di-

mension of the sea-ice surface section line. One-dimensional 
discrete data r, ,p nz  was calculated as previously described:
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where q represents the time of the variation; q generally takes 
a value of 1/2, 1 or 2; ,

ˆ
p qD represents the fractal dimension 

when the time was q; sl =ln(l/N), represents the logarithm value 
of the measurement scale; s  represents the average of the sl; 

,
ˆ ( / )p qV l N represents the energy change value when q was the 

time and l/N was measurement scale; and L represents the 
series of the measurement scale, L≥2. It is better for spatial data 
when L  and q were assigned the number 2 according to the 
Gneiting et al. (2010) studies. 

In the actual calculation of the fractal dimension, the 
procedure was as follows: first, calculate the fractal dimensions 

,2
ˆ

pD for each section line of all samples using Eqs (1) and (2); 
and second, set the average value of all the fractal dimensions 
of section lines 

2D̂  as the selected sample’s surface height 
fractal dimension. Set N to 100 when calculating each fractal 

Table A1. Formulas used to calculate statistical parameters
Parameter Formula
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Appendix.  Data processing
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dimension of profiles, and then move forward in increments of 

5. Calculate the fractal dimension of each slide. Then consider 

the mean of the fractal dimensions calculated using the sliding 

method to be the fractal dimension of the profile. 

3 Power spectral density

The power spectral density of the discrete data , r , ,( , )p n p nx z

with the number N was calculated as:
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where P represents the amount of the section line for 

sampling; r, ,p nz
 

represents the profile p ; d  represents the 

sampling interval; ,p nx nd= , ,0 ( 1)p nx N d≤        ≤      − ; and k
kf

Nd
= ,  

1 1
2kfNd d

≤     ≤ . The interval of the frequency is
1f

Nd
∆ = . So k 

ranges from 1 to N/2 according to Nyquist theorem.


