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Abstract 12 

 Pervasive micro-terrain is a significant contributor to wind disasters on transmission lines. This 13 
study explores the effect of saddle micro-terrain on the wind field of transmission lines and proposes 14 
relevant models and analysis methods. Firstly, the characteristic elements and parameters of saddle 15 
micro-terrain are extracted using DEM and established representative cross-sections for 16 
classification. Subsequently, a multimodal computational model is developed, considering the 17 
geographical and meteorological features and the sag model of transmission lines under micro-18 
terrain. This study calculates wind field distribution and conductor wind loads for three types of 19 
saddle micro-terrain conditions, revealing an exponential growth trend of wind loads with increasing 20 
wind speeds. The results indicate that in transmission lines at saddle areas, the sag region does not 21 
intrude into the boundary layer, with a wind speed growth rate of only 0.18, resulting in relatively 22 
stable wind loads. In contrast, for transmission lines at saddle areas in secondary mountain ranges 23 
and dual-mountain saddle regions, wind speed growth rates reach 0.97 and 1.53, respectively, 24 
indicating higher disaster risks. This research provides a basis for distinguishing and disaster 25 
prevention in mountainous transmission lines' micro-terrain variations, offering significant 26 
contributions to enhancing wind-resistant design standards in mountainous regions. 27 
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Nomenclature    
Acronyms  Variables  
DEM Digital Elevation Model 

e{ }F  
The force vector array of 
unit conductor nodes. 

UHV Ultra-high Voltage 
e{ }δ  

The displacement vector 
array of unit conductor 
nodes. 

GIS Geographic Information Systems 
e[ ]K  

The stiffness matrix of a 
unit conductor. 

CFD computational fluid dynamics U(z) The wind speed at z height 
of the mountain 

LES Large-eddy simulations U0(z) The wind speed at z height 
of the flat land. 

ASF Alaska Satellite Facility k(z) The profile of turbulent 
kinetic energy 

DAAC Distributed Active Archive Centers ε(z) The profile of dissipation 
rate 

LGJ Steel Core Aluminum Stranded Wire I(z) The turbulence degree 
CQU Chongqing University S The acceleration ratio 
HFFB High-frequency force balance I The turbulence intensity 
Parameters    

aH  The vertical projection distance from 
the horizontal plane to the feature 
point a 

l The projected length of L 
on the horizontal plane 

bH  The vertical projection distance from 
the horizontal plane to the feature 
point b 

W The inter-mountain 
distance 

h  The vertical projection distance from 
the horizontal plane to the saddle 
point P 

γ The angle of the mountain 
flank uplift 

1R  The horizontal projection distance 
between the saddle point P and the 
feature point a 

[T] The coordinate 
transformation matrix 

2R  The horizontal projection distance 
between the saddle point P and the 
feature point b 

Cu The empirical constant 

tanα  The ratio of slope between the saddle 
point P and the feature point a 

K The Carmen constant 

tan β  The ratio of slope between the saddle 
point P and the feature point b 

Lu The turbulence integration 
scale 

H The height of the mountain E The Young's modulus 
D The diameter of the mountain A The cross-sectional area 

of the conductor 
L The length of the ridgeline lij The unit conductor length 



1 Introduction 29 

As China's power grids continue to expand, the "14th Five-Year Plan" period prioritizes the 30 
development of ultra-high voltage transmission lines and new energy generation. The proper site 31 
selection plays a crucial role in facilitating long-distance UHV transmission and wind power 32 
generation [1-3]. However, these developments will traverse areas with complex topography and 33 
variable climate conditions [4, 5]. Micro-terrain in complex environments can cause changes in 34 
certain meteorological factors, leading to small-scale micro-meteorological transformations in the 35 
near-surface atmosphere that are challenging to identify through macro atmospheric parameter 36 
characteristics. 37 
 The micro-terrain conceals abundant wind energy resources and poses extreme weather risks, 38 
making it increasingly important to identify features of micro-terrain for the rapidly developing 39 
globalized power grid. Operational data indicates that most sections where galloping, icing, and 40 
wind deflection failures have occurred in the past decades are located within micro-topographic 41 
regions. Therefore, its modeling and analysis method is essential for sustainable wind power 42 
generation and ultra-high voltage transmission development. 43 
 Currently, within the realm of research about transmission line hazards, there are two primary 44 
categories of research methodologies. The first category entails research grounded in statistical 45 
modeling. In the literature, [6] and [7] employ a statistical model that relies on line failure rates and 46 
weather modeling to evaluate the risk associated with transmission lines in the context of 47 
meteorological hazards. However, this approach falls short in accounting for the nuanced influence 48 
of micro-topographic factors on anomalies and exhibits a relatively modest level of resolution, 49 
rendering it more suitable for broad-scale analyses. Turning to [8], it delineates ice-covered areas 50 
within the grid using meteorological data. Nevertheless, due to a dearth of substantial ice-related 51 
data, it relies solely on fundamental meteorological data to assess the impact on ice cover thickness. 52 
As for [9], it employs the annual average daily distribution map of freezing rain to depict the 53 
distribution of ice-covered areas. However, this study is limited by the number and distribution of 54 
freezing rain observation points, preventing the creation of comprehensive nationwide statistics. 55 
Lastly, [10] establishes an efficient early warning model of wind hazards, incorporating simplified 56 
micro-topographic wind speed correction coefficients, 24-hour weather forecasts, and transmission 57 
line tower data. However, for computational efficiency, these wind speed correction coefficients 58 
have been engineered for simplification, rendering them more suitable for large-scale wind hazard 59 
early warning systems. [11] provides a robust analysis for the design and reliability assessment of 60 
high-voltage transmission lines in the mountainous terrain of Canada by integrating advanced 61 
statistical methods to estimate wind speed, temperature, and precipitation rates. The empirical 62 
equation-derived ice accretion predictions form the basis for establishing distribution models. 63 
However, the model's consideration of the actual complex terrain is limited, with the exception of 64 
altitude, indicating a potential area for further refinement. 65 
 The second category of methods relies on numerical simulation. [2] employs GIS information 66 
modeling for direct target siting, combining CFD simulations validated by wind tunnel experiments 67 
with meteorological measurements to optimize wind turbine placement. [12] focuses on actual 68 
transmission lines, proposing a rational jumper calculation model and comparing wind deflection in 69 
flat areas and specific mountainous terrains. [13] directly models the terrain around accident sites, 70 
conducting LES to analyze jumper wind deflection under the combined influence of typhoons and 71 



micro-topographic mountainous terrain. [14] also employs GIS information modeling for direct 72 
target siting, creating a 1:1300 terrain model and studying average and turbulent wind characteristics 73 
through numerical simulation and wind tunnel experiments. [15] contends that wind power plants 74 
are crucial renewable energy resources characterized by low generation costs, simple infrastructure, 75 
and environmental advantages. With the emergence of advanced solid-state power devices and 76 
converters, there is now the potential to transmit substantial amounts of renewable energy to the 77 
main electrical grids. Accurate and reliable wind speed predictions are expected to facilitate the 78 
efficient utilization of renewable energy in future grids, forming a crucial foundation for future 79 
development. [16] explores the non-Gaussian characteristics of wind speed in complex terrain by 80 
the LES method. These findings offer valuable insights for assessing extreme wind loads on 81 
structures in complex terrain, underscoring the importance of considering non-Gaussian wind 82 
characteristics in wind-resistant designs, pointing towards future directions in researching complex 83 
wind fields. These methods are primarily used for analyzing known fault lines, characterized by 84 
high model accuracy but substantial computational resource demands, making them unsuitable for 85 
large-scale computations. Moreover, they do not comprehensively consider the complex effects of 86 
micro-topography and meteorological factors. Currently, micro-terrain identification primarily 87 
relies on on-site surveys by design personnel, resulting in suboptimal recognition efficiency. 88 
Therefore, it is prudent to introduce a micro-terrain recognition model for pinpointing target 89 
locations and mitigating computational burdens. 90 

As GIS technology continues to integrate further into the field of electrical engineering, 91 
enhancing its comprehensive capability in handling spatial and attribute data [17-20], the 92 
achievement of micro-terrain recognition becomes imperative. A profound exploration of the 93 
geographic and meteorological characteristics of small-scale terrain and microclimatic regions, as 94 
well as their impact on transmission lines, is warranted. 95 
 Terrain classification methods are essential tools in landform research, used to extract information 96 
about landform features and types from terrain data. Through terrain identification, it becomes 97 
possible to gain an in-depth understanding of the spatial distribution of land surface forms, their 98 
evolutionary processes, and the relationship between landforms and the environment. [19, 21] 99 
constructed a convolutional neural network model for the automatic classification of micro-terrain 100 
in raster DEM, enhancing the automation level of classification. They proposed a combination of 101 
terrain features, including terrain position index, slope, relative elevation, and water body distance, 102 
specifically tailored for micro-terrain transmission lines. [22] employed DEM image textures and 103 
convolutional neural networks for deep learning, verifying the effectiveness of texture features in 104 
landform classification. Their research findings serve as important references for improving and 105 
optimizing landform classification methods. 106 

These studies mainly employ machine learning methods to learn from relevant samples, yielding 107 
certain achievements. However, these models often lack interpretability, and the physical meanings 108 
of terrain attributes and features remain unclear. Moreover, they demand high-quality and large 109 
quantities of samples. 110 
 Micro-terrain typically induces small-scale climate characteristics in the near-surface 111 
atmospheric layer and at the ground level. These localized climate features are often manifested in 112 
the numerical values of specific meteorological factors, without significantly altering the weather 113 
and climate characteristics determined by large-scale processes. To address various transmission 114 
line disasters in micro-topographic regions, researchers primarily focus on meteorological factors 115 



such as temperature, humidity, and wind speed. They employ methods such as statistical models 116 
[11], empirical formulas [23], and simulation calculations [23] to establish the relationship between 117 
terrain and microclimate. Micro-terrain and microclimate are closely interconnected, but most 118 
existing research tends to separate the study of micro-terrain from that of microclimate. 119 
 Based on the literature analysis mentioned earlier, there is currently a deficiency in effective 120 
methods for analyzing disasters on transmission lines within the saddle micro-terrain environment. 121 
Describing the geographical attributes of saddle micro-terrain proves challenging, and there is a lack 122 
of viable identification methods beyond manual recognition. Additionally, the scarcity of 123 
observational data for transmission lines in the relevant regions compounds the difficulties. 124 
 Consequently, this study is aimed at investigating analytical and computational methods specific 125 
to the analysis of common saddle-shaped micro-terrain found in mountainous regions. The primary 126 
contributions of this research can be summarized as follows: 127 

(1) The proposal of a classification and identification method for these terrains by extracting 128 
topographical features distinctive to various saddle micro-terrains. This method facilitates the 129 
identification of micro-terrain locations encountered along extended transmission lines, 130 
thereby narrowing the scope of disaster analysis and reducing computational demands. 131 

(2) Accomplishing simplified modeling based on the geographical attributes of saddle-shaped 132 
micro-terrain. This approach accurately characterizes wind field features associated with 133 
diverse saddle micro-terrains and evaluates their impact on transmission lines. It circumvents 134 
inherent sample dependency issues present in statistical modeling approaches and general 135 
limitations associated with direct modeling from DEM data. 136 

(3) Introduction of a multimodal analysis method that combines meteorological data from 137 
meteorological agencies with transmission line sag models. This integrated approach 138 
comprehensively considers the catenary characteristics of transmission lines under micro-139 
terrain conditions and meteorological features. It contributes to the refinement of transmission 140 
line designs in saddle-shaped micro-terrain environments. 141 

2  Saddle Micro-terrain Identification 142 

Complex mountain ranges exhibit intricate patterns resembling leaf textures, with numerous 143 
large ranges branching out from a main range, further dividing into secondary ranges. Saddle-type 144 
micro-terrain is predominantly found in mountainous stretches, characterized by mountain 145 
ridgelines and noticeable saddle-like depressions.  146 

 Typical saddle micro-topographic features 147 

Fig.1(a) and Fig.1(b) illustrate two common types of saddle micro-terrain. When transmission 148 
lines traverse these mountainous regions, they tend to avoid crossing the ridgelines of major 149 
mountain ranges to minimize the impact of high-altitude crosswinds. Consequently, they often 150 
intersect with secondary mountain range groups. The speed-up effect occurring within these 151 
depressions amidst narrow secondary ranges causes the airflow to be accelerated, resulting in their 152 
recognition as saddle terrains, as depicted in Fig.1(c). To effectively classify and identify saddle 153 
micro-terrain, this study employs hydrological analysis and surface calculation methods commonly 154 
used in geography. These techniques facilitate the extraction of various terrain features and elements, 155 



enabling a comprehensive understanding of the saddle terrain characteristics. 156 

 

(a) Mountain range saddle 

 

(b) Dual-mountain saddle 

 

(c) Secondary mountain range saddle 
Fig.1 Typical saddle reality view with digital elevation topographic map 



 Terrain Models Simplified by Terrain Factors 157 

The numerical computational model based on fluid mechanics is closely related to the terrain 158 
characteristics of micro-terrain. Its geometric parameters need to be obtained from the terrain 159 
information embedded in the DEM. Terrain information can be categorized into two primary 160 
categories: terrain surface parameters and terrain morphological characteristics. Terrain surface 161 
parameters, including slope, aspect, and curvature, exhibit clear mathematical expressions and can 162 
be directly measured using DEM. Conversely, terrain morphological features, although defined 163 
clearly, involve some level of ambiguity in their boundary conditions, making them less suitable for 164 
mathematical representation. These features are extracted by leveraging the spatial characteristics 165 
and interrelationships within surface morphology, resulting in the identification of terrain feature 166 
points, terrain feature lines, hydrological elements, and other relevant attributes. Some of the 167 
parameters commonly used in mountain modeling are shown in Fig.2: 168 

 169 

Fig.2 Topographic information classification 170 
In the classification of landform morphology types, elevation plays a dominant role, while slope 171 

and aspect are fundamental parameters for surface morphology. However, the aspect is directional, 172 
which may result in the same aspect values for plains and mountains, hindering landform 173 
morphology classification. On the other hand, ridges and valleys offer straightforward and 174 
significant topographic information, aiding landform classification. Additionally, ridgelines and 175 
valley lines serve as critical boundaries for elevation changes, essential for micro-terrain 176 
identifications. Therefore, this study extracts slope, elevation change, ridgelines, valley lines, and 177 
saddle points, utilizing topographic feature lines to create a saddle micro-topography feature section 178 
within a geographic model. This model simplifies the terrain model and enables the classification 179 
of saddle micro-terrain. Furthermore, meteorological parameters and a transmission line sag model 180 
were introduced to construct a multimodal calculation model. The overall technical roadmap is 181 
shown in Fig.3 182 



 183 

Fig.3 Technology roadmap 184 
 In terrain modeling, a 3 km×3 km area is chosen, and its DEM elevation matrix is obtained from 185 
publicly available data from ASF DAAC. The maximum slope algorithm [26] is employed to extract 186 
fundamental terrain parameters such as mountain peaks, slopes, and terrain roughness. Using 187 
hydrological analysis [27], the matrix undergoes depression filling and plain elevation, resulting in 188 
a depression-free elevation matrix. This process calculates the flow direction matrix and 189 
accumulates flow accumulation along the flow direction to construct a watershed tree. Consequently, 190 
this enables the connection of confluence points to obtain valley lines, and similarly, ridge lines can 191 
be obtained through reverse terrain analysis. 192 
 For micro-terrain analysis, two feature parameters, flow accumulation, and terrain roughness, are 193 
considered as criteria for classifying ridge lines into primary and secondary ridges [28]. Based on 194 
this hierarchy, the identification of saddle micro-terrain is possible, determining terrain feature 195 
points a and b (mountain peaks), and identifying saddle point P where the valley line intersects the 196 
horizontal projection of line segment ab. This preliminary assessment indicates the presence of 197 
saddle micro-terrain in the area. 198 
 Further subdivision involves categorizing it as a dual-mountain saddle if only mountain peaks 199 
exist without continuous long ridges. If only primary ridge lines are present in the region, it is 200 
classified as a mountain range saddle. On the other hand, if secondary ridge lines exist on both sides 201 
of the saddle point, it is classified as a secondary mountain range saddle. These categories exhibit 202 
similar characteristic cross-sections. As an example, the contour lines and characteristic cross-203 
sections for secondary mountain range saddles are shown in Fig.4 below. 204 



 

Fig.4 Schematic diagrams of the mathematical definition of typical micro-terrains 
Where aH  , bH  and h  indicate the vertical projection distance from the horizontal plane to the 205 
feature point (m); 1R and 2R denote the horizontal projection distance between the saddle point P 206 
and the feature point on both sides (m); tanα and tan β denotes the ratio of slope on both sides. acL207 
and bdL  indicate the length of secondary ridge line. 208 

3 Multimodal computational model 209 

Numerical simulations are conducted through FLUENT. In wind engineering, the air is typically 210 
turbulent, necessitating the system to comply with additional turbulent transport equations. 211 

In the context of a continuous fluid medium, the motion of mass follows the principle of mass 212 
conservation, which means that the net mass inflow into each face of the fluid element per unit time 213 
equals the increase in mass flow within the same element during that time interval. This conservation 214 
can be expressed mathematically through a continuum equation [29]: 215 
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where ( )1,2,3iu i = is the velocity component of the velocity function of a given spatial point in 217 
the x, y, and z directions, respectively, ρ represents the air density. 218 

Any macroscopic low-velocity moving matter must satisfy Newton's second law, and in fluid 219 
dynamics, the conservation of momentum equation is obtained for a fixed volume element or 220 
microcluster of mass dVρ : 221 
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where if is force acting on a unit fluid mass, ijσ is internal stress of volume element dV  223 
As iu is the velocity function of a given spatial point, which is a function of both time t and the 224 

spatial coordinates ix . Therefore, ( )1 2 3, , ,i iu u x x x t= derivative with respect to time is: 225 
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In general, for incompressible fluids such as air moving at low velocity at room temperature, the 227 
volume expansion rate is 1.01. According to the above equation and the assumptions, the simplified 228 



continuity equation and the equation of motion can be derived as follows: 229 
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where ( )2N s mµ ⋅ is the fluid dynamic viscosity coefficient. 232 
This study employs the Realizable k-ε two-equation model to simulate the atmospheric boundary 233 

layer flow, which is effective in handling flows with high strain rates and large flow line curvatures. 234 
The velocity-pressure coupling equations are solved using the SIMPLEC method, while the 235 
momentum, turbulent kinetic energy, and turbulent kinetic energy dissipation rate equations are 236 
discretized using the second-order upwind scheme for the nonlinear convective terms. The 237 
simulation is deemed to have reached a steady state when the residuals of k and ε are less than 10-4, 238 
which serves as the simulation criterion. 239 

 Numerical simulation model 240 

In the study of wind fields within the atmospheric boundary layer, researchers commonly use the 241 
outer contour to construct mountain models. However, due to the complexity and variability of 242 
actual mountain shapes, the previously constructed characteristic cross-sections are used as the 243 
source of parameters for the outer contour equation to recreate the saddle micro-terrain. The main 244 
body can be approximated as composed of stretched segments of the mountain's outer contour with 245 
a certain length. At the extension of the mountain range, a combination of three-dimensional models 246 
using the rotation and lofting of partial contour lines is employed to construct the numerical 247 
computational model. 248 

The outer contour of mountains can be classified into various types, including Sinusoidal, Cosine, 249 
Bell, and Gaussian types. The Cosine type more closely approximates the majority of mountain 250 
outer contours, and thus, this paper employs cosine-type modeling for the general mountain outer 251 
contour, with the following expressions in Table 1 [30]: 252 

Table 1 Outer contour of mountains 253 
Hill shape Analytic form 

Cosine squared 
2cos ( r )     for 2

=
0                            otherwise
H D r D

z
π ≤




 

Where H denotes the height of the mountain and D denotes the diameter of the mountain. 254 
 The schematic diagrams of the dual-mountain saddle and mountain range saddle are shown in 255 
Fig.5 (a) and (b) respectively, where W represents the inter-mountain distance, and L represents the 256 
length of the ridgeline. However, due to the difference in elevation between the secondary ridgeline 257 
and the mountain peak, the numerical model for the secondary mountain range saddle shown in 258 
Fig.5 (c) introduces an additional parameter γ, which represents the angle of the mountain flank 259 
uplift, and L represents the length of the secondary ridgeline, as shown in the diagram. 260 



 
(a) Dual-mountain saddle 

 

(b) Mountain range saddle 

 
(c) Secondary mountain range saddle 

Fig.5 Simulation model 261 
As the influence of topography on the wind field is primarily considered at the micro-topographic 262 

scale, the modeling parameters are only related to the geographic elements extracted within the 263 
micro-terrain, and the main modeling parameters are transformed as follows: 264 

( )max ,a bH H H=    (6) 265 

2 tanD H α=   (7) 266 

( )tan H h Rα = -   (8) 267 



1 2W R R= +  (9) 268 

( )amax , bL L L=  (10) 269 

In particular, for the secondary mountain range saddle model, there are 270 

( )tan a cH H lγ = -   (11) 271 

cos 2L l Dγ= -  (12) 272 
To facilitate physical modeling, a set of typical parameters is selected shown in Table 2 of micro-273 

terrain based on actual cases and verify the influence of micro-terrain through simulation 274 
calculations to verify the influence of micro-topographic areas on the wind field distribution of 275 
transmission corridors. 276 

Table 2 Typical saddle micro-terrain parameters table 277 

Saddle Type D(m) H(m) W(m) L(m) γ (°) 

Dual-mountain saddle 

300 100 

150   

Mountain range saddle 150 300  

Secondary mountain range saddle 200 300 10 

 Simulation condition setting  278 

The calculation domain for saddle models should be 7 and 8 times the characteristic width and 279 
height of the mountain, respectively. For the secondary mountain range saddle, any symmetric 280 
section can be chosen, with a width and height of 1 time and 20 times the characteristic width and 281 
height of the mountain, respectively. This study utilized structured meshing with C-cut and O-cut 282 
techniques to enhance mesh quality and prevent small-angle mesh appearance. The model mesh 283 
quality was maintained above 0.4, while the minimum angle was held at or above 36°. 284 

The velocity entrance is specified as the boundary condition for the flow field entrance. The 285 
entrance is located in a mountainous area, classified as a Class B landform according to China's 286 
standard. The wind velocity entrance profile is adjusted using equation (13) to ensure an equilibrium 287 
boundary layer flow field. To model turbulence at the entrance, the profile of turbulent kinetic 288 
energy k and dissipation rate ε is obtained from the Japanese building industry. The parameters used 289 
for the turbulent kinetic energy and dissipation rate profiles at the entrance are as follows [31]. 290 

( ) ( )r
r

zU z U
z

α=  (13) 291 

2( ) 0.5[ ( ) ( )]k z U z I z=  (14) 292 
0.75 1.5( )( ) u

u

qC k zz
KL

ε =  (15) 293 

where zr is the reference height, Ur is the wind speed at the reference height, α  is the mean wind 294 
profile index, I(z) is the turbulence degree, Cu is the empirical constant, K is the Carmen constant, 295 
and Lu is the turbulence integration scale; α=0.15, Cu=0.09, K=0.42 for Class B landscapes, Lu as 296 
well as I(z) are taken according to the Japanese standard. The inlet parameters are defined by the 297 
user-defined function. 298 
 In general, CFD simulations often use default atmospheric conditions while neglecting the 299 



influence of local topography. However, micro-topography significantly affects local 300 
meteorological environments, necessitating the correction of microclimate inputs. Notably, average 301 
temperature and atmospheric pressure are strongly correlated with the elevation of measurement 302 
points. Therefore, this study utilizes meteorological data publicly available from the National 303 
Meteorological Science Data Center for meteorological parameter calibration and configuration 304 
[32]. 305 

' 8150H
ak e−=  (16) 306 

1 1

n n
pi

ip
i ii

ZZ d
d

−

= =

= ∑ ∑  (17) 307 

In the equation: '
ak   is relative barometric pressure, H is elevation. Z represents the estimated 308 

temperature in degrees Celsius, n is the number of observation stations, Zi is the actual temperature 309 
measurement at observation point i in degrees Celsius, di is the Euclidean distance between the 310 
interpolation point and observation point i, and p is the power of the Euclidean distance. p = 2 in 311 
this study. 312 

 Transmission line sag model 313 

 Under the known distribution of wind field in the saddle micro-terrain, determining the sag curve 314 
of the transmission line in the saddle and the tower location allows us to obtain the along-line wind 315 
speeds of the transmission line. 316 
 The line suspended between the two towers is not straight under the influence of its weight. To 317 
faithfully represent the actual conditions of the line, it is necessary to calculate the sag curve between 318 
the towers. There are various methods for calculating the sag curve of the conductor, and the 319 
catenary method [33] is commonly used in engineering to calculate the sag curve of equidistant 320 
tower lines, which is relatively straightforward. However, calculating the sag curve of non-321 
equidistant tower lines is relatively complex. In this study, the unit conductor between towers is 322 
treated as a truss unit subjected only to axial forces, and a truss model is adopted to calculate the 323 
sag curve of the line between towers. 324 

 
 

(a) Unit line force analysis (b) Coordinate transformation 

Fig.6 Schematic diagram of unit line force 
 Selected the unit line axial direction as the positive direction of x , the normal direction as the unit 325 
line positive direction of y and z , and they are perpendicular to each other,

ixF ,
iyF ,

izF  denote the 326 
left node in the three directions of the force component respectively, and

jxF ,
jyF ,

jzF denote the 327 
right node in the three directions of the force component respectively, the same reason, iu , iv , iω , iu ,328 

iv , jω denote the left and right side of the node in the three directions of the displacement component 329 



respectively, as shown in Fig.6(a), then the line node force vector and displacement vectors exist in 330 
the equation [34]: 331 

{ } { }e xi yi zi xj yj zjF F F F F F F=  (18) 332 

{ } { }
e i i i j j ju v u vδ ω ω=  (19) 333 

there exists an equation between e{ }F and e{ }δ : 334 

{ } { }ee e
[ ]F K δ=  (20) 335 

where e[ ]K is the unit stiffness matrix in this coordinate system: 336 
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 (21) 337 

Where E is Young's modulus, A is the cross-sectional area of the conductor, and lij is the unit 338 
conductor length. To facilitate the superposition of the unit line nodal forces and displacements in 339 
the subsequent structural analysis, the unit line coordinate system is transformed into a unified 340 
coordinate system through a coordinate transformation as presented in Fig.8(b), and the cosines 341 
between the unit line and the x, y, and z axes of the unified coordinate system are l, m, and n. The 342 
unit stiffness matrix in the unified coordinate system is: 343 

{ }e e
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2 2

2 2

2 2
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2 2
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 (22) 344 

 After establishing the stiffness matrix of the individual conductor, the overall stiffness matrix is 345 
constructed based on deformation compatibility and the balance of internal and external forces at 346 
the nodes. The overall stiffness matrix is singular and cannot be solved directly. It requires the 347 
specification of a displacement elimination matrix to remove singularity and enable the solution. In 348 
this study, the displacement at both supporting points is specified as 0.0025 times the length of the 349 
conductor. The conductor has a diameter of 26.82 mm, a weight of approximately 1349 kg per 350 
kilometer, and a cross-sectional area of 425.24mm2, resulting in a density of 3174kg/m3. The 351 
Young's modulus is set to 60 GPa. Under the influence of gravity, the sag curves of the conductor 352 
between equidistant and non-equidistant towers are shown in the following Fig.7. 353 



-90 -60 -30 0 30 60 90

115

116

117

118

119

120

Li
ne

 v
er

tic
al

 c
oo

rd
in

at
es

(m
)

Line horizontal coordinate(m)

 Non-sag
 sag

 

60 90 120 150 180 210 240

20

40

60

80

100

120

Li
ne

 v
er

tic
al

 c
oo

rd
in

at
es

(m
)

Line horizontal coordinate(m)

 Non-sag
 sag

 
(a) Sag curve of equivalent height tower (b) Sag curve of non-equivalent height tower 

Fig.7 Truss model calculation line sag curve of transmission line 

4 Analysis and experimental validation 354 

 Characterization of wind lord in micro-terrain 355 

According to the description of the ice cover survey protocol [35], the growth of ice cover is 356 
closely related to wind, which in turn is closely related to topography. In the process of airflow 357 
movement, the ups and downs of the terrain lead to the diversion, diffusion and concentration of 358 
airflow. In addition, wind speed is the environmental factor that is most significantly affected by 359 
topographic features, and the data related to wind speed are mainly used to standardize the various 360 
protocols. Based on the wind field calculations under micro-terrain, the influence on the wind load 361 
of the transmission line can be determined. The LGJ-400/35 conductor is widely used within the 362 
common voltage levels in China [36, 37], thus chosen as the subject of study. In this research, the 363 
wind load on the conductor is obtained by solving the wind pressure distribution on its surface. The 364 
wind pressure on the conductor surface has directionality, with the positive direction defined as 365 
perpendicular to the conductor surface. In the case where the wind pressure in the X-direction is 366 
known, the wind load on the conductor can be calculated using the following equation [31]: 367 

X
wind X

1360 360 i

n

il

dP dF d Pπ πθ
=

= = ∑∫  (23) 368 

In the equation, windF  represents the wind load per unit length of the conductor, l represents the 369 
surface arc of the conductor, and d represents the diameter of the conductor. Taking a wind speed of 370 
5 m/s as an example, the unit wind load on the conductor is 0.93 N/m. 371 
 Wind loads of conductors were calculated for a total of 20 wind speeds, with a gradient of 1 m/s, 372 
as shown in Fig.8(a). It can be observed that as the wind speed increases, the wind load 373 
approximately exhibits exponential growth. 374 
 The wind load curves for Class II lines in the three types of saddles generally demonstrate a 375 
decrease in wind load as they move away from the high suspension point. However, a specific 376 
section closer to the mountain exhibits a distinct pattern, which refer to as the sag region in this 377 
study, as illustrated in Fig.8(c). It is revealed in Fig.8(b) that the wind load curve for the sag region 378 
in the dual-mountain saddle displays a concave trend. Meanwhile, the wind load variation in the sag 379 
region of the secondary mountain range saddle is relatively small, resulting in a bending wind load 380 



curve. Conversely, the wind load curve for the sag region of the mountain range saddle shows 381 
minimal changes compared to other regions. 382 

  
(a) Wind load curves for transmission 

lines at different wind speeds 
(b) Typical transmission line passing saddle wind 

load curve 

 
(c) Transmission line division description 

Fig.8 Wind load curve of the transmission line passing saddle and division of transmission line 

areas 
 Using the typical saddles outlined in Table II as a case study, the terrain model was employed to 383 
conduct CFD simulations for wind field distribution within the micro-terrain environment. 384 
Subsequently, the truss model was used to calculate the sag curve of the transmission line across the 385 
saddle point. By utilizing the calculated wind speed distribution results for the saddle point and the 386 
unit conductor wind load curves under varying wind speeds, as shown in Fig.8(a), the wind load 387 
curve can be obtained for the transmission line in the saddle micro-terrain, as illustrated in Fig.8(b). 388 
The solid green line in Fig.8(b) represents the wind load curve of the dual-mountain saddle 389 
transmission line without sag (straight line). Comparing it with the wind load curve of the dual-390 
mountain saddle transmission line with sag, it can be observed that the presence of sag influences 391 
the line loads differently for the two types. 392 
 For Class I lines (located within the saddle), sag results in approximately a 2% reduction in wind 393 
load within the central region. Conversely, for Class II lines (outside the saddle), the presence of 394 
sag yields a significant difference of up to 17% in the wind load curves between the two lines. This 395 
highlights the necessity of considering the actual sag condition when calculating wind loads for 396 
transmission lines crossing saddles. Fig.8(b) also depicts the wind load curves of transmission lines 397 
traversing outside slopes and saddles. 398 
 The peak wind load for all three types of saddle transmission lines is observed at the high 399 
suspension points. Among them, the secondary mountain range saddle exhibits the highest peak 400 
wind load, followed by the mountain range saddle, while the dual-mountain saddle experiences the 401 
lowest wind load intensity. The wind load curves of Class I lines for these saddles display varying 402 
levels of concavity in the central region. 403 
 At the high suspension point of the secondary mountain range saddle transmission line, the wind 404 
load measures 10.03 N/m, whereas the wind load in the central area averages approximately 8.84 405 



N/m, representing a reduction of approximately 13.5%. Similarly, for the mountain range saddle 406 
transmission line, the wind load at the high suspension point reaches 9.07 N/m, while the wind load 407 
in the central area is around 8.28 N/m, resulting in a reduction of approximately 9.5%. In the case 408 
of the dual-mountain saddle, the wind load at the high suspension point reaches approximately 7.56 409 
N/m, while the wind load in the central area averages approximately 7.32 N/m, indicating a 410 
reduction of approximately 3.27%. These results indicate that the reduction in wind load is most 411 
pronounced in the central region of the secondary mountain range saddle, while the central area of 412 
the dual-mountain saddle exhibits the least significant reduction in wind load. 413 

 
(a) Dual-mountain range saddle 

 
(b) Mountain range saddle 

 
(c) Secondary mountain range saddle 

Fig.9 The front view of the cloud map of the wind field on the saddle transmission line 
 The front views of wind fields for the three types of saddles is depicted in Fig.9. From Fig.9(a), 414 
it was observed that in the case of the dual-mountain range saddle and Class II lines, the sag region 415 
extends into the boundary layer of the mountain. This spatial arrangement results in a certain 416 
distance between adjacent lines and the mountain boundary layer. As the transmission line departs 417 
from the lowest point of the sag region, the wind load magnitude increases, leading to a concave 418 
trend in the wind load curve within the sag region. In Fig.9(b), it was evident that the sag region of 419 
the mountain range saddle does not extend into the mountain's boundary layer. Consequently, there 420 
is no significant difference in wind load between the sag region and adjacent regions of the 421 
transmission line. This leads to a relatively consistent trend in the wind load curve. Considering the 422 
symmetric nature of the secondary mountain range saddle along the direction of the mountain ridge, 423 
Class II lines extend from the mountain peak to the bottom area of the saddle, rather than the 424 
mountain's base. Fig.9(c) shows that in the case of the secondary mountain range saddle and Class 425 



II lines, the sag region extends into the boundary layer of the mountain. Notably, the lower portion 426 
of the sag region remains within the mountain's boundary layer until the line reaches the bottom of 427 
the saddle. As a result, after leaving the sag region, the wind load on the line does not undergo 428 
significant changes. The wind load curve within the sag region exhibits a bending trend. 429 

 

 
(a) Schematic diagram of the normal height (b) Normal height wind speed profile 

Fig.10 Normal wind speed profile in the sag region of the transmission line 430 
 Fig.10(a) and (b) illustrate wind speed variation profiles at normal heights in the sag region. 431 
Notably, Fig.10(b) reveals a boundary for mountain boundary layer winds. Below the boundary 432 
layer height, wind speeds at secondary mountain range saddles, mountain range saddles, and dual-433 
mountain saddles all rapidly increase with normal height, with average growth rates of 4.78, 4.33, 434 
and 3.25, respectively. Above the boundary layer height, wind speeds at secondary mountain range 435 
saddles and dual-mountain saddles gradually increase with normal height, with reduced average 436 
growth rates of 0.22 and 0.09. Wind speeds at mountain range saddles exhibit an average growth 437 
rate of less than 0.05, indicating minimal variation with normal height. While the sag curves and 438 
mountain profiles for dual-mountain and mountain range saddles transmission lines are similar, their 439 
wind load curve trends differ due to distinct wind field distributions. Comparing wind speed profiles 440 
at normal heights for saddles, it is evident that the boundary layer at mountain range saddles is 441 
thinner, with the intersection point's wind speed growth rate at only 0.18, resulting in relatively 442 
stable wind loads. In contrast, the intersection points for secondary mountain range saddles and 443 
dual-mountain saddles fall within the boundary layer, with wind speed growth rates of 0.97 and 1.53, 444 
indicating substantial non-uniform wind load variations, posing a higher risk of accidents according 445 
to current standards. 446 
 In the current stage of China, the wind design criteria for mountainous transmission lines are 447 
relatively simple, typically using a design standard value of 1.1 times the wind speed on flat terrain. 448 
This design approach is overly broad and fails to consider the uneven wind loads on transmission 449 
lines caused by saddle micro-terrain. Therefore, further clarification of the influence of saddle 450 
terrain parameters on the imbalance of wind loads can provide a basis for differentiated 451 
identification of micro-terrain and disaster prevention in mountainous transmission lines. 452 

 Wind tunnel test verification 453 

The CQU Open-type Wind Tunnel Laboratory, or CQ-1, is located on the B Campus of 454 
Chongqing University. It features an aerodynamic profile measuring 4.4m x 3.4m x 31.2m, and a 455 



test section measuring 2.4m (width) x 1.8m (height) x 15m (length). In terms of experimental 456 
instrumentation, many tools were used for the experiments including a HFFB, a multi-channel 457 
synchronized pressure sensing system, Cobra probes, Laser displacement sensors, and a Dynamic 458 
data acquisition system. 459 

To produce a thick boundary layer flow field at a short distance in the wind tunnel test section, a 460 
turbulence generation device is required at the entrance of the test section. To better simulate the 461 
characteristics of the boundary layer flow field, including turbulence intensity and turbulence 462 
integration scale, this study employs the sharp wedge-roughness element technique, as shown in 463 
Fig.11. 464 

 465 

Fig.11 Layout of turbulence generation device in the wind tunnel and saddle terrain model 466 
The usual way to measure the acceleration effect of the mountain on the wind field is 467 

dimensionless, using the acceleration ratio S, which is defined as [29]: 468 

0

( )
( )

U zS
U z

=  (24) 469 

Where U(z) is the wind speed at z height of the mountain, and U0(z) indicates the wind speed at z 470 
height of the flat land. 471 

Turbulence intensity I is a standard for measuring the degree of airflow velocity fluctuations: 472 
'uI

U
=  (25) 473 

Where u' represents the root mean square of turbulence velocity (i.e., the standard deviation of wind 474 
speed), and U is the mean velocity. 475 

  
(a) Mean wind profile (b) Turbulence intensity profile 

Fig.12 Comparison of wind field measurements with standards 476 
 According to the specified criteria for the average wind profile and turbulence profile in Class B 477 

0

50

100

150

200

250

300

0.6 0.8 1.0 1.2

Point 1
Point 2
Point 3

 Class B 
          standard

S

H
ei

gh
t Z

(m
)

0.08 0.12 0.16 0.20
0

50

100

150

200

250

300  Class B 
          turbulence

H
ei

gh
t Z

(m
)

I

Point 1
Point 2
Point 3



terrain [31], when compared to the measured values in a wind tunnel, as shown in Fig.12, the 478 
maximum relative error does not exceed 0.1%, it can be considered that the wind tunnel has 479 
accurately recreated the wind field in the actual environment. 480 
 The acceleration ratio profile of the micro-terrain wind field is shown in Fig.13. The left side is 481 
the incoming direction of flow. The findings of the wind tunnel testing have confirmed the CFD 482 
calculations for all measurement points, with a substantial alignment between the CFD results and 483 
the wind tunnel test results. The error in the valley line indicates that the measured acceleration 484 
effect is slightly greater than the simulation result. The primary reason for this discrepancy is that 485 
the model's surface is covered with turf, making it smoother compared to other measurement 486 
points. As a result, the wind speed measured at this location is not impeded by surface roughness, 487 
leading to a higher value than the simulation calculation results. Therefore, it is possible to use the 488 
multimodal computational model to analyze the wind field environment for micro-terrain 489 
effectively. 490 

  
(a) Ridge of the saddle (b) Valley of the saddle 

Fig.13 Comparison of measuring point experiment and numerical acceleration ratio 491 
The maximum acceleration ratio occurs at the windward entrance of the saddle terrain, reaching 492 

a maximum acceleration ratio of 1.740. As the wind enters the interior of the mountain, the 493 
acceleration effect weakens, with a slight resurgence of the acceleration effect at the exit. Generally, 494 
the acceleration effect is more pronounced closer to the ridge, but on the windward side, the 495 
acceleration effect on the inner side of the saddle terrain may be slightly higher than at the ridge. 496 
According to current line survey protocols[35], under operating conditions, the micro-terrain-497 
corrected wind speed for overhead transmission lines is typically 1.2 times the design wind speed, 498 
with a maximum corrected wind speed of 1.5 times. If the actual operating wind speed exceeds the 499 
corrected wind speed due to the saddle micro-terrain, the ice thickness on the transmission lines 500 
influenced by micro-terrain is likely to exceed the design standard, significantly increasing the 501 
probability of wind disasters. This study uses the maximum correction as the criterion. Under the 502 
saddle micro-terrain, numerical simulation results indicate that the above micro-terrain features 503 
exhibit distinct micro-meteorological characteristics, with the wind field at the windward and 504 
mountain ridge entrance being the most significantly affected. 505 



5 Conclusion 506 

 This study utilizes real case examples of saddle micro-terrain and micro-meteorological 507 
conditions to investigate the identification scheme and analysis method based on topographic 508 
feature extraction. By considering the geographical and meteorological features and the 509 
transmission line sag model under micro-terrain, we analyze the impact of different saddle micro-510 
topographic features on transmission line wind loads. It enhances the computational efficiency and 511 
precision of wind field analysis for transmission lines in micro-terrain regions. The following 512 
conclusions are drawn from this study: 513 

(1) An identification method for saddle micro-terrain is proposed by comprehensively considering 514 
its topographic features and topological structure. The extraction of characteristic terrain 515 
elements and parameters from the DEM enables the formation of representative cross-sections 516 
for classification purposes. Additionally, a numerical simulation calculation model has been 517 
developed based on the parameters of the characteristic sections and outer contour lines. 518 

(2) By equating the conductor unit to a truss unit solely subjected to axial force, the sag curve 519 
model of the transmission line has been obtained. The wind field of the saddle terrain, 520 
considering typical shape parameters, has been calculated. The wind speed distribution and 521 
intervals of the transmission line at the saddle have been derived, with a clear understanding 522 
of the line erection method. 523 

(3) By coupling the geographical and meteorological features of micro-terrain with the sag model 524 
of transmission lines, a multimodal computational model for long-distance transmission lines 525 
under micro-topographic conditions has been established. The wind load on conductors has 526 
been calculated for various wind speeds within the wind speed interval of the line. It has been 527 
observed that the conductor wind load exhibits an approximately exponential increase with the 528 
increment of wind speed. 529 

(4) Class II lines are positioned on the outer side of the saddle, extending from one mountain peak 530 
to the outer foothills. The proximity between the line and the mountain is significantly smaller 531 
than that of Class I lines, and the line naturally sags, further reducing this distance. The sag 532 
region may extend into the boundary layer region of the mountain, where the boundary layer 533 
effects caused by the mountain alter the wind load at that specific location. Consequently, the 534 
wind load curve pattern within the sag region differs from that of other regions. For lines 535 
located inside the saddle, the sag resulted in a reduction of wind loads in the central region of 536 
approximately 2%. For lines located outside the saddle, the presence of sag produces a 537 
significant difference of up to 17% in the wind load curve between the two lines. 538 

(5) The boundary layer of the mountain range saddle is thinner than the other two types of 539 
boundary layer, so the intersection of the line of the mountain range saddle will not intrude into 540 
the boundary layer, and the growth rate of the wind speed at this point is only 0.18, and the 541 
change of the wind load is relatively more stable, while the intersection of the transmission 542 
lines’ sag region of the secondary mountain range saddle and the sag region of the dual-543 
mountain saddle falls into the boundary layer, and the growth rate of the wind speed at the 544 
intersection is up to 0.97 and 1.53 respectively, and the small change of the elevation difference 545 
will bring great uneven wind load, which is more likely to lead to accidents. The numerical 546 
simulation results reveal distinctive micro-meteorological characteristics associated with the 547 



mentioned micro-terrain features, particularly showcasing the pronounced impact on the wind 548 
field at the windward and mountain ridge entrance. 549 

(6) This approach presents a practical solution by avoiding global calculations for the entire span 550 
of transmission lines. Instead, it extracts geographic features and identifies micro-terrain areas 551 
for detailed analysis, significantly reducing computational resources and time, thus 552 
demonstrating practicality. However, the current use of historical meteorological data limits 553 
the analysis to uniform wind conditions, necessitating additional field measurements for more 554 
complex scenarios like turbulence and gusts. To achieve even more precise analysis at specific 555 
locations, an extensive dataset of field measurements is required. Furthermore, our method 556 
solely considers the terrain characteristics of saddle micro-terrain, overlooking various real-557 
world environmental factors such as solar radiation, vegetation, and river distribution. Future 558 
research could delve deeper into these aspects for a more comprehensive understanding and 559 
improved accuracy. 560 
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