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Abstract—The article is devoted to the issues of evaluating 

errors of remote measurement of thermokarst lakes 

characteristics in the Arctic zone using high resolution 

Kanopus-V images. Remote investigations were carried out at 

98 test sites, located in the territory of the cryolithic zone of 

Western Siberia and north-east of the European part of Russia. 

To describe the tortuosity of lake boundaries were used the 

spatial object shape index, accepted in cartography, which is 

calculated based on the results of lake area and perimeter 

measurements using satellite images. A histogram of the 

distribution of the lakes coastal borders tortuosity degree in a 

wide range of their sizes from 50 m2 to 20 ha was built. The 

analysis of the histogram showed that the distribution of 

tortuosity degree corresponds to the theoretical log-normal law. 

For investigation of errors of remote measurement of lake 

parameters the technique of construction of random flat 

geometrical figures (model objects) with given value of 

tortuosity degree is offered. Relative error of object area 

measurement using space image is studied. Influence of object 

boundaries smoothing on errors of remote sensing of areas and 

tortuosity of boundaries is studied. It is shown that smoothing 

practically does not affect the errors of area measurement and 

has a significant impact on perimeter and tortuosity 

measurements. 

Keywords—satellite images, geoinformation systems, 

thermokarst lakes, lake area measurement errors, lake boundary 

smoothing 

I. INTRODUCTION  

Due to the ongoing global warming, the problem of 
modeling the volume of greenhouse gas emissions from the 
territory of the Arctic zone, as the area of concentration of 
thermokarst lakes - intensive sources of methane, is relevant. 
It is known that the mass of methane accumulated in lakes, 
and hence its emission into the atmosphere, is determined by 
the spatial properties of lake fields. For the formation of 
predicted estimates of the dynamics of the accumulation of 
lake methane, it is necessary to use methods and tools to 
model the dynamics of the fields of thermokarst lakes. 

Recently, numerous remote studies of the dynamics of the 
number and size of thermokarst lakes in North Eurasia and 

North America [1-4] have made it possible to create a geo-
imitation model of the dynamics of thermokarst lake fields [5], 
suitable for the formation of predicted estimates of the 
dynamics of the accumulation of lake methane. The spatial 
structure of this model is determined by a set of circles with 
random sizes and random locations [5, 6]. Remote studies of 
the parameters of real lakes conducted in different permafrost 
zones (continuous, discontinuous, and sporadic) in Western 
Siberia have shown [7, 8] that the fields of thermokarst lakes 
can be considered as a set of random flat figures with 
significantly different sizes (areas) and with different degrees 
of tortuosity of the boundaries. 

Lakes and other surface water bodies as important sources 
of greenhouse gas emissions into the atmosphere in 
permafrost zones are subject to remote studies because of the 
difficult accessibility and high degree of marshland in the 
northern territories.  Climate warming in recent decades has 
led to a significant acceleration of thermokarst processes in 
the permafrost zone, which may cause an increase in methane 
concentration in thermokarst lakes.  

Fig. 1 shows a fragment of the Kanopus-V space image, 
demonstrating abundance of thermokarst lakes in a relatively 
small area of the north-east of the European part of Russia. 

 

Fig. 1. A fragment of the space image of Kanopus-V. 
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As can be seen from Fig. 1, almost all lakes have a curved 
form of coastal boundaries that differs significantly from the 
circle that was used in the geo-imitation model. Therefore, the 
problem of evaluating errors in remote sensing of lake areas 
due to the tortuosity of their coastal boundaries is important. 

The issues of evaluating the error of remote measurement 
of the object area were considered in [9-18]. In [9] an error of 
area determination using Landsat space images was studied. 
In [15] the issues of lake area measurement accuracy using 
optical Landsat images and ERS-2 radar images have been 
considered, and the empirical dependence of the lake area 
remote sensing error on its size using optical and radar images 
of medium spatial resolution has been established. Empirical 
dependence of the average relative error of the object area 
estimation on the actually measured area using Landsat 4, 5 
and GeoEye data has been established in [16]. In [17] 
empirical equations of dependence of average and maximum 
relative error of water body area measurement on the size of 
water bodies, separated by space image with different spatial 
resolution, are established. In [18] it is shown that the 
estimation of object area determination in different thematic 
tasks of mapping and change monitoring using Landsat 8 data 
can be done with sufficient accuracy with the area of observed 
objects over 10 ha. 

It should be noted that in [15-17] the error of remote 
sensing of the object area using space images is estimated by 
comparing with the size of the same object area, determined 
from the images of much higher spatial resolution, which is 
chosen as the true (reference) object area. In our opinion, it is 
more universal to get an estimate of the error of remote 
sensing of the object area using space images depending on 
the ratio of the object area to the value of the image spatial 
resolution. Such approach would allow estimating the 
accuracy of area determination from any images, indicating 
only their spatial resolution. However, in general case the 
error under consideration depends not only on the ratio 
between the object area and the image resolution, but also on 
the shape of the object (tortuosity of its borders), which makes 
it much more difficult to study the error of measuring the 
object area using space images. 

In tasks of modeling and prediction of greenhouse gas 
dynamics from thermokarst lakes, caused by climatic changes, 
there is a necessity to measure geometric characteristics of 
lakes (area, tortuosity of coastal borders, etc.) using space 
images. When using high and ultra-high spatial resolution 
images the tortuosity of the shore borders can influence the 
measurement of the lake areas. Therefore different smoothing 
methods are used in practice for such measurements. 
However, the issues of evaluation of errors in lake parameters 
measurement, arising from the use of smoothing procedures, 
have not been studied so far, therefore the relevance of this 
paper is beyond doubt. 

As it has been established in [18] the discrete nature of 
raster images which consist of pixels leads to considerable 
errors at measurement of geometrical characteristics of object 
- perimeter, area, and also derivatives from these 
characteristics, for example, form factors. For decrease in an 
error of measurement of geometrical characteristics of objects 
digitized on raster images, for example, on space images, it is 
possible to use various methods of smoothing. Comparison of 
different smoothing methods is a rather laborious task. That is 
why we have chosen one sufficiently known smoothing 
method - Savitsky-Goley method, described in [19], the 

essence of which consists in building by the method of least 
squares of an approximating polynomial of a given order. 
However, the issues of evaluation of errors of remote 
measurements of thermokarst lake parameters from smoothed 
images have not been considered at present. 

In this regard, the purpose of this paper is to model the 
influence of smoothing the boundaries of objects vectorized 
on the raster image by the Savitsky-Goley method on the error 
of measuring the area, perimeter and the coefficient of form 
(degree of tortuosity of the boundaries) of the object.  

II. METHODOLOGICAL ISSUES 

The information basis for the experimental study of 
properties of thermokarst lake fields is the data of remote 
measurement of areas and perimeters of lakes using satellite 
images of the investigated territory. The studies were 
conducted on the territory of all three permafrost zones 
(sporadic, discontinuous and continuous) in Western Siberia 
and in the north-east of the European part of Russia using high 
resolution satellite images. All images were selected within a 
rather short period of summer season (late June - August) to 
minimize the impact of seasonal fluctuations in water level in 
the lakes. During this period the ice cover on the lakes 
completely disappears.  

Experimental study of tortuosity properties of coastlines of 
real lakes has been conducted. Satellite-based measurements 
have been used to calculate the values of the lake shape 
(degree of tortuosity of borders) according to the formula [20]:  

     z =
P2

4πs
,                                 (1) 

where s is the area; p is the perimeter of the lake. 

The z-value was determined based on the data from 
Kanopus-V images of 20 TS in the north-east of the European 
part of Russia (EPR) and 78 test sites of the West Siberian 
investigated territory. Fig. 1 shows empirical histograms of 
lake boundaries tortuosity distribution obtained as a result of 
remote studies in permafrost zone of the European part of 
Russia and Western Siberia. The z value was calculated in 
accordance with (1) the results of remote measurements of 
areas and perimeters. 

 

Fig. 2. Histograms of lake boundaries tortuosity distribution based on the 
Kanopus-V images in the study areas in the European part of Russia (1) and 
Western Siberia (2) 

It is found that the z value changes at different test sites in 
the range for the most part from 1 to 10 (the value "1" 
corresponds to a circle). Average z values in different 
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permafrost zones in West Siberian territory take the following 
values: in the sporadic zone 3.5; in the discontinuous zone 
3.38 and in the continuous zone 2.95.  

For the tasks of modeling the fields of thermokarst lakes 
and forecasting the emission of lake methane, knowledge of 
the laws of distribution of the tortuosity degree of the coastal 
borders of lakes is important. Fig. 2 shows empirical 
histograms of the distribution of the degree of tortuosity of the 
lake boundaries based on the data on the value of z calculated 
in accordance with (1) on base of the results of remote 
measurements on 20 TS on the investigated territory of the 
north-east of the EPR and on 78 TS in Western Siberia. 

The histogram graph in Fig. 2 let us to assume that the 
distribution of the tortuosity degree will correspond to the 
theoretical log-normal law. To substantiate the possibility of 
using the lognormal law of the distribution of the tortuosity 
degree of the lake boundaries, we have checked whether this 
law corresponds to the empirical histogram. The results of this 
conformity check according to the data in Western Siberia 
(according to χ² criterion) are given below. According to [21], 
the probability density for the lognormal law of the tortuosity 
degree distribution (z) is determined by the equation:  

2

2

1 (ln ln )
( ) exp

22

z a
f z

z  

 
  

  , 

where a and σ are the parameters of the lognormal distribution 
law. 

Parameters of the log-normal law of distribution of 
tortuosity of lake boundaries in Western Siberia were 
estimated on the basis of sample data. The conformity of the 
experimentally obtained high spatial resolution images of lake 
distribution with the theoretical lognormal law was estimated 
using the standard procedure of checking statistical 
hypotheses about the type of distribution law [21], which 
showed that the value of χ2 calculated from empirical data is 
5.32. Therefore, it can be assumed that the empirical 
histogram of the distribution of the tortuosity degree of lake 
contours in the Arctic cryolithozone with 0.95 probability 
corresponds to the lognormal law according to Pearson's 
criterion.  

Let us consider methodological issues of analysis of errors 
in remote measurement of thermokarst lake parameters. For 
carrying out the analysis we used the sets of model objects 
(MO), the method of their formation is described in [18]. 

For modeling of measurement process on raster image of 
geometrical characteristics of real object having smooth and 
continuous boundary, rasterization procedure, i.e. 
transformation of vector data type into raster one, was applied. 
After rasterization there was a reverse conversion to a vector 
data type with preservation of distortions introduced at 
rasterization.  

Rasterization was carried out using ArcGIS Desktop 
software by one of the simplest rasterization methods - 
"maximum combined area method" described in detail in [22]. 
The main idea of this rasterization method is that the pixel of 
the raster image is filled in (drawn) in case if the total area of 
the polygon contour covers at least 50% of the pixel area, 
otherwise the pixel is not filled in. 

Rasterization was carried out in such a way that after 
conversion the calculated number of filled pixels would be 
equal to the specified value N (1, 2, 5, 10, 20, 50, etc. up to 
100 000), which was determined by the formula: 

 N =
S

R2,  

where N is the calculated number of pixels in the boundaries 
of the model object at fixed spatial resolution of the image; 

S - area of the model object (MO); 

R - the spatial resolution of the image. 

III. RESULTS 

For creation of sets of the model data the technique of 
formation of model vector objects [18] has been used. With 
use of the technique 10 sequences of model objects were 
generated. Each sample contained 1 000 model objects, the 
area of each of them was equal to 10 000 m2. The model 
objects inside one sample had the same value of tortuosity, 
which was determined by formula (1). 

The area of the rasterized MO was determined by the 
formula: 

Smes = Nmes×L2, 

 
where Smes is the measured area of the rasterized MO, m2;  

Nmes - measured number of pixels in the rasterized MO;  

L - raster image spatial resolution, m. 

For each sample average values of relative error of 
measurement of the rasterized MO areas according to the 
formula were calculated: 

δm =  
1

𝑛
∑ δ𝑖

𝑛

𝑖=1

 , 

 
where δm is the average relative error of measuring the 

areas of rasterized MO; n - number of MO in the sample; δi - 
relative error of measuring the area of the i-th rasterized MO.  

Fig. 3 shows graphs of dependence of δm on N in double 
logarithmic scale with different values of the degree of 
tortuosity.  

 

Fig. 3. Dependence of the area measurement error on the number of pixels at 
different tortuosity values: lower quartile (1), median (2), upper quartile (3) 

As you can see from the Fig. 3, the error of remote 
measurement of area for objects with N > 10 does not exceed 
8 % on average.  
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Let's consider the results of error estimation connected 
with smoothing of objects' borders. To determine the size of 
smoothing parameters by Savitsky-Goley method was created 
a limited sample, which included 10 random model objects 
(and corresponding to them rasterized representations in the 
number of 160) with different size z. Further, using the 
programming language Python, library SciPy [23], was made 
smoothing of rasterized model objects by Savitsky-Goley 
method. At the same time, the parameters of the method by 
complete search (taking into account the limitations of this 
method) were varied in the following limits: polynomial order 
(p) from 1 to 11; filtration window size (w) from 5 to 49. After 
smoothing the rasterized model objects, their geometrical 
characteristics (perimeter, area, shape coefficient) were 
determined and recorded in the table for further analysis. 

For selection of smoothing parameters p, w the average 
relative deviation of perimeter measurement error after 
smoothing by the formula was calculated: 

ωp,w = ∑ |
Li

′ − Li
0

Li
0 |

m

i=1

, 

where ωp,w is the average relative deviation of perimeter 
measurement error after smoothing of rasterized MO in a 
limited sample with smoothing parameters p, w; 

m – number of objects in the sample; 

L'i – perimeter of the i-th rasterized MO after smoothing; 

L0
i – perimeter of the i-th MO. 

The optimal values of Savitsky-Goley smoothing 
parameters are selected: p = 6, w = 9.   Further smoothing was 
carried out using the specified parameter values, which 
provide almost the same low value ωp,w, equal to 
approximately 10 %.  

To evaluate the smoothing results, the relative error of 
measurement of the area and tortuosity of the rasterized object 
(before smoothing) was calculated by the formula: 

δХ = |
X − X0

X0
|, 

where δX is the relative deviation of the measurement error 
of area or tortuosity before smoothing; 

X - the area or tortuosity of the object before smoothing; 

X0 - area or tortuosity of the MO. 

Then the relative error of measurement of the area and 
tortuosity of the smoothed object was calculated by the 
formula: 

δX
′ = |

X′ − X0

X0
|, 

where δ'X is the relative deviation of the measurement 
error of the area or tortuosity of the smoothed object; 

X' is the area or tortuosity of  the smoothed object; 

X0 is the area or tortuosity of the MO. 

In fig. 4 and 5 shows the results of calculation of errors of 
measurement of the degree of tortuosity and area of rasterized 
and smoothed objects. As can be seen from the figure, with 

the calculated number of pixels in the measured object N ≥ 

10, the average absolute deviation of the error of measurement 
of tortuosity becomes positive, with the absolute deviation of 
the error of measurement of the area fluctuates around zero. 
This indicates a decrease in the average error of measurement 
of the tortuosity of objects after smoothing. 

 

Fig. 4. Relative error in determining the tortuosity of rasterized (1) and 
smoothed (2) objects 

 

Fig. 5. Relative error in determining the area of rasterized (1) and smoothed 
(2) objects 

IV. CONCLUSION 

The results of remote measurements of thermokarst lakes 
parameters in the Arctic zone in the north-east of the European 
part of Russia and Western Siberia in a fairly wide range of 
lake sizes based on space images of high spatial resolution of 
Kanopus-V are presented. Researches were carried out on 98 
test sites of the study area. Images were processed in 
automatic mode using ArcGIS 10.3 geoinformation system 
tools.  

The obtained experimental data on the degree of tortuosity 
showed that the degree of tortuosity of the lake boundaries 
changes mainly from 1 to 10, which requires taking into 
account the tortuosity when assessing the measurement error 
of thermokarst lake parameters. 

Error analysis was carried out using sequences of model 
lakes whose parameters corresponded to experimentally 
measured parameters of real lakes. The discrete nature of 
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raster satellite images of lakes with a significant tortuosity 
degree of boundaries leads to significant errors in measuring 
their parameters. Therefore, when processing the results of 
remote measurements it is necessary to smooth the boundaries 
of objects. As a result of the model study it is shown that the 
application of the Savitsky-Goley method with parameters: 
polynomial order - 6 and filtration window size - 9 for 
smoothing the boundary of an object whose raster 
representation consists of 10 or more pixels, on average, 
reduces the relative error of measurement of the degree of 
tortuosity by the value from 25 to 55%. The relative error of 
area measurement does not exceed 2% on average. 
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