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Abstract—This paper focuses on the problem of ice-covered 

transmission lines in micro-terrain areas. Using DEM data and 

ice damage fault statistics from transmission lines in Jiangxi 

province, we have conducted a correlation analysis of common 

terrain factors to derive a reasonable set of micro-topography 

extraction indicators and proposed mathematical formulas for 

micro-terrain classification, including watershed type, uplift 

terrain type, and saddle type. This paper presents a micro-

terrain classification method, proven effective for the ultra-high 

voltage transmission line corridors in Jiangxi Province, which 

may serve as a reference for the differentiated de-icing design, 

transformation, and accident analysis of transmission lines. 

Keywords—Micro-topography; Iced Transmission Lines; Terrain 
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I. INTRODUCTION 

In recent years, the collapse, line breakage, and insulator 

flashover induced by icing transmission lines have had a 

major impact on the power supply in many areas of the 

country. Icing has become a major threat to the safe 

operation of transmission lines causing immense economic 

losses[1-3]. Some sections of transmission lines are often 

affected by special terrain, usually called micro-terrain, 

enhanced perturbation of the climate factor within a local 

topographic area, and generated ice cover endangering the 

operation of the power system. Ultra-high voltage 

transmission lines which span a large geographical area, 

including complex terrain changes, will inevitably pass 

through high altitude, low temperature, canyons, rivers, and 

other complex environment areas. Without planning and 

designing in advance, icing of transmission lines will occur 

frequently.  

However, there are few specific definitions of the ice-

covered micro-topography of transmission lines from the 

geomorphological principle, and few studies on the 

classification and identification methods of typical micro-

topography from the quantitative perspective.  

There has been a lot of basic research on the transmission 

line ice mechanism at current domestic and foreign and has 

achieved some results of the stage in [4, 5]. However, 

research on the adverse effects of micro-terrain on ice-

covered transmission lines is still at the stage of primary 

theoretical analysis. 

Based on years of observation data from the power line 

ice-covering observatory in Yunnan Province, ShouLi Wang 

et al [5] elaborate on the influence of the direction and slope 

of mountain ranges, mountain parts (watersheds, windbreaks, 

etc.), and water bodies of rivers and lakes on transmission 

line ice-covering. 

JiaZheng Lu et al [6] proposed classification results of 14 

micro-terrain areas. Based on the magnitude of the influence 

of each micro-terrain on the ice coverage of transmission 

lines, the line ice coverage level discrimination model, and 

the ice coverage contrast model are proposed. 

From a micro-meteorological perspective, a model for 

predicting the thickness of transmission line ice cover in the 

short term is proposed by Ting Gao [7] based on six micro-

meteorological influences such as light intensity, and 

atmospheric pressure, wind velocity, wind direction, 

temperature, and humidity. Hui Xu et al [8] simulated the 

effect of unique topography on ice damage in Hunan. 

Xiangkui He et al [9] combined micro-topography, and 

micro-meteorology to classify the "two micros" areas. 

Based on the study of digital terrain, a method of 

extracting transmission line micro-topography based on 

raster DEM is proposed in [10], providing an idea for the 

classification of transmission line microtopography. 

Therefore, it is of great significance to study the micro-

topography classification of the regions where power towers 

and transmission lines are located in China to guide the 

construction of power grids and predict ice cover. 

For most common meteorological areas, transmission 

lines designed according to high-resolution meteorological 

ice coverage prediction models have been able to withstand 

weather variations over a range of tens of kilometers, but it is 

difficult to predict meteorological variations in smaller areas, 

which are strongly influenced by local topography. Further 

refinement is needed for transmission lines in micro-terrain 

areas that are more prone to severe ice coverage hazards. 

Aims at the problem of ice-covering of transmission lines in 

micro-terrain areas, this paper proposes mathematical 

identification formulas for micro-terrain including uplift 

terrain type, watershed type, saddle type, and a classification 

method for micro-terrain areas where transmission lines and 

towers are located. 

II. MICRO-TERRAIN SAMPLE CASE 

To effectively use mathematical statistics to analyze and 

quantitatively study topographic data, it is necessary to 

observe and deeply study the actual situation of power grid 

icing, its geographical location, and landform type. 

A. Raw DEM Data 

The computational studies in this paper are based on the 

Digital Elevation Model (DEM), which includes regular 

rectangular grid type and irregular triangular grid type, 

among which regular grid DEM is used because of its simple 
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data structure, easy implementation, convenient calculation, 

and suitable for computer processing and storage.  

In this paper, the data used for topographic feature 

extraction is derived from the publicly available DEM 

standard data format as defined by the USGS （ USGS 

Standards for Digital Elevation Models， USGS-DEM）. 

The regular grid model is shown in the figure below with 

30m resolution, which divides the terrain surface into a series 

of equally spaced and sized regular grid cells. Each small 

grid cell corresponds to a ground elevation value, and the 

elevations inside the grid cells are equal everywhere. 
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Fig. 1  Raster description parameters 

B. Typical Micro-topography Samples and Features 

Watershed Type:  

The transmission line goes over high mountains, rises 

through windward slopes to the highest point above sea level, 

and descends through leeward slopes so that the air mass 

containing cooling water droplets on the summit and 

windward side of the mountain is slowly rising along the 

steep slope to the summit due to the wind blowing.  

During the ascent, the air mass expands adiabatically as it 

rises in altitude, resulting in a significant increase in the 

content of supercooled water droplets, reaching a maximum 

at the summit, and ultimately, transmission lines are prone to 

ice on windward slopes and mountain tops. 

Uplift Terrain Type:  

The transmission line in uplift terrain passes through a 

mountain peak that suddenly rises on the plain, while the 

other side is flat or a cliff. The plains or basins have plenty of 

water vapor, so cold air with high humidity tends to rise 

along the mountain slopes and pile up on top of the 

mountains, thus forming clouds and fog. Under such 

conditions, there will be iced transmission lines at the highest 

point in the colder winter months. 

Saddle Type:  

The depressions in the terrain where the transmission lines 

cross are named saddles. The saddle in the long mountain 

range is where the airflow is concentrated and accelerated, 

while colder temperatures can easily lead to increased wind 

speeds or ice cover. 

In general, this study collected and analyzed micro-

topographic data, which mainly covers regions with complex 

geographical and meteorological environments such as 

Sichuan, Guangxi[11], Hunan, and Guizhou[12]. 

I. SELECTION OF TYPICAL TERRAIN FACTORS FOR MICRO-

TOPOGRAPHY 

This research is carried out based on the principles of 

geomorphology and the Digital Elevation Model (DEM), 

which discusses how to reasonably select the classification 

features for five types of micro-topography. 

C. Slope and Aspect 

Slope and aspect are two interrelated parameters, both of 

which are point functions. Slope refers to the slope of a 

hillside and is defined as the angle between the normal 

direction and the vertical direction of a point P on the surface. 

Aspect refers to the direction of the slope, which is defined 

as the angle between the normal direction of P and the north 

direction of the plane projection. These two are basic feature 

quantities for terrain characterization and visualization. 
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Fig.2  Raster description parameters 

In this paper, the slope unit is a degree (°), which is the 

angle between the slope surface and the horizontal surface, 

which is the same as the mathematical definition in the 

previous article. The unit of slope direction is also degree, 

which is generally measured in the clockwise direction with 

the direction of due north as zero degrees. The specific 

definition is shown in Fig.2 above, and the classification of 

aspects is presented in Tabel I. 

TABLE I. ASPECT CLASSIFICATION 

Aspect Aspect Classification 

0° Plain 

0±22.5° North (N) 

45±22.5° Northeast (NE) 

315±22.5° Northwest (NW) 

90±22.5° East (E) 

270±22.5° West (W) 

135±22.5° Southeast (SE) 

225±22.5° Southwest (SW) 

180±22.5° South (S) 
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D. Slope of Slope and Slope of Aspect 

The calculation of the Slope of Slope (SOS) and Slope of 

Aspect (SOA) is also taken into account in the calculation of 

slope and aspect. SOS is a parameter to measure the change 

of slope, while SOA is a parameter to measure the change of 

slope direction. 

In practice, SOS and SOA are related to the slope of a 

straight line equation in analytic geometry and have the same 

collective meaning. SOS refers to the description of slope 

change in a terrain unit, while SOA refers to the quantitative 

expression of the degree of aspect change. These two 

topographic factors are also important indicators that are 

considered more in most studies of terrain and are of great 

significance. 

E. Optimal Combination of Terrain Factors 

In this paper, five types of terrain factors are extracted: 

altitude, slope, aspect, SOS, and SOA, but in the actual 

terrain analysis, it is necessary to determine the best 

combination of terrain factors for describing the landform 

type. 

The Pearson product-moment correlation coefficient 

(PPMCC), used to calculate the correlation coefficient in this 

study to measure the linear correlation between two variables, 

has been calculated: 

,

cov( , ) X Y

X Y

X Y X Y

E X YX Y  


   
 

where cov( , )X Y is the covariance between variable X and 

variable Y, X , Y are the standard deviations of the two 

variables X, Y, respectively. 
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where the correlation coefficients between the two variables 

X, Y are often expressed as r, and X , Y are the sample means 

In the actual correlation analysis, the larger the absolute 

value of 
xyr , the closer the correlation between the two 

variables, and the more appropriate, so that we can discard 

one category, while the smaller the absolute value, the more 

independent the two variables. 

TABLE.II CORRELATION ANALYSIS RESULTS 

 Altitude Slope Aspect SOS SOA 

Altitude 1 
0.0187

81 
0.1680

69 

-

0.0147
3 

0.0148
15 

Slope 
0.01878

1 
1 

0.0422

45 

0.1105

53 

-

0.3159

6 

Aspect 
0.16806

9 
0.0422

45 
1 

0.0376
08 

0.0377
68 

SOS -0.01473 
0.1105

53 
0.0376

08 
1 

0.1645
67 

SOA 
0.01481

5 

-

0.3159
6 

0.0377
68 

0.1645
67 

1 

From Table II above, it can be seen that the correlation 

between SOA and SOS is relatively high, so it is not suitable 

to be selected for terrain classification. In this paper, aspect  

is related to meteorological factors such as sunshine, hence it 

is not selected to be the indicator for terrain classification. 

Slope and altitude are the most independent and less 

correlated, therefore, it is more accurate to select these two 

topographic factors for micro-terrain classification. 

II. MICROTOPOGRAPHY IDENTIFICATION FORMULA 

A. Typical Terrain Factor Statistics for Micro-topography 

According to the principle of terrain element extraction, 

two types of terrain factors, which are more relevant and 

contain more information, namely slope, and altitude, are 

selected in the paper. Meanwhile, the spatial characteristics 

and interrelationship of micro-topographic surface 

morphology, provide an effective reference for proposing 

micro-topographic classification and identification formulas. 

TABLE III. TERRAIN FACTOR PARAMETER RANGE 

 Altitude(m) 
Elevation 

Difference(m) 
Slope(°) 

Watershed  200-1500 150-600 40-70 

Uplift 

Terrain  
≥100 100-450 20-30 

Saddle  ≥150 120-200 20-40 

Based on mathematical and statistical methods, we 

proposed the parameter range of the basic terrain factors 

shown in Table III for micro-topographic classification and 

identification through calculation and analysis results of 

transmission lines that are affected by typical micro-terrain 

susceptible to ice cover, combined with the criteria for 

dividing mountainous parts. 

F. Establishment of Identification Formulas for Typical 

Micro-topography 

Referring to the current widely used terrain classification 

methods in [13] and the range of terrain factor parameters for 

each type of terrain, we proposed mathematical expressions 

to describe micro-topographic geomorphological features 

and quantify the micro-topography classification criteria. 

Watershed Type: 

When the transmission line is located on the windward 

side and peak of a watershed, it is susceptible to ice cover 

due to the increase in the content of cooling water droplets 

by the rising airflow. Therefore, the watershed type is mainly 

associated with the ridgeline, elevation value, horizontal 

distance, and the inclination degree of both sides of the slope, 

as shown in Fig.3(a). 

150m

tan  , tan
1 2

tan , tan 40%

H

H H

L L
 

 



 
 

Where H indicates the elevation difference between the 

top and bottom of the slope (m); 1L and 2L indicates the 

lateral distance from the top of the hill to the flat land on 

both sides (m); tan and tan indicates the slope ratio on 

both sides, which is the inclination degree of the slope. 
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Uplift Terrain Type: 

  
 

(a) Watershed Type (b) Uplift Terrain Type (c) Saddle Type 

Fig.3 Schematic diagrams of the mathematical definition of typical micro-terrains 

When the transmission line passes through a sudden rise 

of a mountain on the plain, while the other side is flat. It is 

easy to cover ice by the influence of cold air gathering to 

form clouds. Therefore, the type of terrain uplift is mainly 

related to the ridgeline, elevation value, horizontal distance, 

and the slope of the lifted side of the mountain, as shown in 

Fig.3(b). 

100m

tan =

tan 45%

H

H

L







 

Where H indicates the elevation difference between the 

top and bottom of the slope (m); L indicates the lateral 

distance from the top of the hill to the flat land on the lifted 

side (m); tan  indicates the slope ratio on the lifted side, 

which is the inclination degree of the slope. 

Saddle Type: 

The line across the saddle, subject to airflow acceleration 

and lower temperature, is prone to wind and ice accidents. 

Therefore the saddle type is mainly related to the valley line, 

elevation difference, horizontal distance, and the degree of 

inclination of the slopes on both sides, as shown in Fig.3(c). 

1 2

1 2

1 2

Δ ,Δ 120m

Δ Δ
tan , tan

tan , tan 42%

H H

H H

L L
 

 

 

Where 1H and 2H indicates the elevation difference 

between the top and bottom of the slope (m); 1L and 2L

denotes the lateral distance from the bottom to the top on 

both sides (m); tan and tan  denotes the ratio of slope on 

both sides. 

III. EXPERIMENTS AND ANALYSIS 

G. Data Preparation 

According to the investigation of extra-high voltage 

overhead transmission lines in [14], we selected two 1000kV 

EHV transmission lines in Jiangxi Province. The size of the 

sample areas where the center point was at the tower was set 

for 1.5×1.5 km using the raster elevation data with a 

resolution of 30m. 

H. Results and Analysis 

The results of each micro-terrain classification in the 

experimental area of some transmission lines are shown in 

Fig.4. The experimental areas include a total of 610 towers. 

The calculation shows that there are 141 towers in the micro-

terrain areas, including 26 towers in the watershed type, 90 

in the watershed type, 16 in the watershed and uplift terrain 

type, and 9 in the uplift terrain and saddle type. 

According to the classification results of the experimental 

area in Jiangxi Province, most areas do not have micro-

terrain, accounting for 76.89% of the total. However, some 

areas had two or more micro-terrain simultaneously, 

accounting for 17.73%. The overall analysis of micro-terrain 

distribution in the experimental areas shows that the 

watershed type accounts for 6.89%, uplift terrain type 

accounts for 16.23%, and saddle type accounts for 4.1%, a 

relatively small percentage. 

According to the distribution of ice areas and historical 

natural disaster information of transmission lines in Jiangxi 

Province as in [15, 16], the calculated results of the 

experimental areas of transmission lines in Jiangxi Province 

are shown in Table IV by ice cover level, to verify the micro-

terrain classification results of this study. 

TABLE.IV CALCULATION OF ICE AREA DISTRIBUTION STATISTICS FOR CLASSIFICATION RESULTS 

Micro-terrain types Watershed Uplift terrain 
Watershed and 

Saddle  
Uplift Terrain and 

Saddle 
Non-micro-terrain 

Moderate ice cover area

（10-15mm） 
3 42 / 1 469 

Moderate ice cover area

（15-20mm） 
8 43 4 7 / 

Heavy ice cover area

（20-30mm） 
15 5 12 1 / 
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Fig.4   Part of the transmission line experimental area classification identification results 

67.38% of the micro-terrain towers in the experimental 

areas of the two transmission lines were located in the 15-30 

mm ice-covered area. Almost all of the towers in non-micro-

terrain areas were located in the ice-covered area below 15 

mm. In comparison, watershed and saddle types have a more 

severe impact on ice cover. 88.46% of the watershed type 

and 88.89% of the saddle type are located in the 15-30mm 

ice cover area.  

The following conclusions can be drawn from the 

comparative analysis of the experimental area classification 

identification results and the above. 

Most of the micro-terrain towers exist mainly in the 15 to 

30 mm ice cover area, with more towers in non-micro-terrain 

areas below 15 mm. Micro-terrain towers are more 

frequently subject to ice-covering hazards, which also 

verifies to some extent the validity of the definition and 

classification identification method proposed in this study. 

To avoid severe wind and ice storms, EHV transmission 

lines are built to avoid crossing higher peaks, more 

pronounced canyons, or near bodies of water. Therefore, the 

percentage of heavy ice areas in the micro-terrain area is 

relatively small in the calculation results. 

The influence on the water vapor factor is not taken into 

account, such as the distribution of water bodies and their 

distances. Complex meteorological conditions such as cold 

air and warm and humid air currents are not reflected in the 

classification. It may lead to less presence of water vapor 

augmentation micro-terrain in the calculated results of the 

experimental area. 

IV. CONCLUSIONS 

This paper takes micro-terrain areas as the main research 

object, establishes a mathematical definition of three types of 

micro-terrain, namely, watershed, saddle, and uplift terrain, 

and thus proposes a set of scientific classification and 

identification methods for micro-terrain areas of the iced 

transmission line, effectively avoiding the subjectivity of 

manual classification. The experiments show that the 

subjectivity of manual classification is effectively avoided 

and the validity of the definition as well as the classification 

method is verified. This study can provide a basis for power 

grid anti-icing work, power grid planning, infrastructure 

construction, etc. 

As the knowledge area involved is very wide, there are 

many technical difficulties, time and condition constraints. 

There are still some problems that have not been studied 

further in the research process and need further exploration. 

This study has not considered that different size windows 

and resolutions should be selected for different sizes of study 

sample areas, so there may be some errors in different study 

sample areas. There are cases where the recognition range 

exceeds the data demarcation line, and if the experimental 

area is divided at the boundary, there will be no recognition. 

Most of the ice-covered micro-terrain areas are located at 

high altitudes, bumpy terrain, inaccessible places, and lack 

fieldwork and validation. It can only be verified by 

observational analysis of elevation data, pending further 

experimental verification. 
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