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Abstract: This study presents an innovative, dynamic model for predicting typhoon track deflections over 
complex terrain. Based on potential vorticity conservation, the model incorporates a topographic adjusting 
parameter (α) and a meridional adjusting velocity (MAV) to capture the vortex’s response to terrain variations. 
Simulations using an idealized bell-shaped mountain and Taiwan’s realistic topography reveal that steeper 
terrain gradients consistently deflect typhoon tracks southward. This steering effect intensifies with increasing 
vortex strength due to a larger α, leading to enhanced MAV. Shallower approach angles also amplify 
deflections due to prolonged terrain interaction. Results highlight the significant role of Taiwan’s Central 
Mountain Range in shaping typhoon trajectories. This model offers a refined approach for predicting typhoon 
behavior near complex terrain, advancing forecasting capabilities, and enhancing disaster preparedness 
strategies. 

Keywords: topographic steering; typhoon track prediction; dynamic model; potential vorticity; 
complex terrain; disaster preparedness 
 

1. Introduction 

1.1. Research Background 

Accurate tropical cyclone (TC) path prediction is crucial for disaster preparedness and 
mitigation [1–3]. However, complex terrain, such as that found on Taiwan Island, poses a significant 
challenge in forecasting, as it can lead to dramatic changes in the intensity, speed, and direction of a 
TC [4–8]. These changes introduce considerable uncertainty in forecasts and can have dire 
consequences, including delayed or misdirected warnings, inadequate preparation, and increased 
vulnerability to hazards such as heavy rain, strong winds, and flooding. 

Taiwan Island, located in the Western North Pacific, is particularly vulnerable to the impacts of 
TC tracks due to its complex terrain dominated by the Central Mountain Range (CMR). Researchers 
have classified these tracks, including ‘continuous’ and ‘discontinuous,’ to understand better and 
predict typhoon behavior near the island [5,6,8–10]. Continuous tracks maintain their primary low-
pressure center and cyclonic circulation as they cross the island, often exhibiting a cyclonically curved 
path around the CMR. In contrast, discontinuous tracks are characterized by the formation of 
secondary low-pressure centers on the lee side of the CMR, which can replace the original typhoon 
center and cause an abrupt shift in the track. 

Further classifications have been proposed to categorize the direction of track deflection, 
distinguishing between northward and southward deflections. These deflections are influenced by 
factors like the typhoon’s intensity, size, and strength of the steering flow, highlighting the complex 
interplay between the vortex’s intrinsic characteristics and the environmental conditions [11–22]. In 
addition to these broad classifications, specific cases of looping tracks, where the typhoon executes a 
cyclonic loop before landfall, have also been documented [23]. 

1.2. Mechanisms Influencing Typhoon Track over Complex Terrain 
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contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 October 2024 doi:10.20944/preprints202410.0779.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202410.0779.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

Predicting typhoon tracks over complex terrain is challenging due to the complex interplay of 
various mechanisms and variables [4,12,22,24]. Many factors, such as terrain-induced asymmetric 
flow, diabatic heating, and the interaction of the typhoon’s circulation with the larger-scale 
environmental flow, contribute to the complexity of the deflections of the typhoon track over 
complicated topographic features, such as Taiwan [4,22]. Understanding how these mechanisms 
individually and collectively influence typhoon tracks remains an active area of research 
[12,19,22,25,26]. 

The intensity of the vortex, characterized by its maximum wind speed and size, is crucial in 
modulating susceptibility to topographic steering [19,26,27]. Stronger vortices, with more significant 
Froude numbers, are typically less affected by terrain [19,27], while weaker storms can experience 
more substantial deflections and more complex track variations [12,25]. The impinging angle between 
the vortex’s initial movement direction and the terrain’s orientation also significantly influences track 
deflection. Shallower angles, which lead to a longer interaction with the terrain, tend to produce more 
significant track deflections [24,27–29]. 

Finally, the characteristics of the terrain, such as mountain height, steepness, and shape, all 
contribute to the complexity of topographic steering. Higher mountains, steeper slopes, and more 
complex terrain features amplify topographic forcing, leading to more unpredictable vortex 
pathways [12,19,25,28–30]. 

1.3. Research Methods in Typhoon Track Studies over Topography 

Researchers have employed various methods, including theoretical analysis, numerical 
modeling, and observational data analysis, to investigate typhoon tracks over terrain and unravel the 
complex interplay between vortex dynamics and topographic forcing [14,31–34]. While these studies 
have advanced our understanding of typhoon-terrain interactions, limitations remain. For instance, 
theoretical studies often rely on simplified assumptions, and observational data, particularly over 
mountainous regions, can be sparse, hindering a complete understanding of typhoon behavior near 
topography [25,28,29]. 

Numerical modeling has emerged as a powerful tool for simulating typhoon tracks, allowing 
researchers to explore various scenarios and sensitivities. Studies have utilized various models, 
including primitive equation models, shallow-water models, and mesoscale models, each with 
strengths and limitations [2,11,12,19,22,24,25,27,29,30]. Idealized simulations, often employing 
simplified topographic representations, have provided valuable insight into the fundamental 
dynamics of vortex-terrain interaction [12,24,27–29]. In contrast, real-case simulations, using actual 
typhoon data and realistic topography, have aimed to improve forecast accuracy and capture the 
nuances of individual events [2,12,25,27]. Observational data, mainly from surface weather stations, 
radar networks, and satellite imagery, are crucial to validate the model results and understand the 
observed behavior of typhoons near islands [2,12,19,26,31,35–37]. 

1.4. Objectives of the Study 

This study aims to improve the prediction of typhoon track deflections near complex terrain by 
developing and applying an innovative, dynamic model. This model, based on the conservation of 
potential vorticity (PV), incorporates a novel approach using the topographic adjusting parameter (α) 
and the meridional adjusting velocity (MAV) to capture the vortex’s response to terrain variations. 
Specifically, this study aims to (1) elucidate the fundamental mechanisms governing typhoon track 
deflections near topography, focusing on the role of α and MAV, (2) quantify the sensitivity of 
typhoon tracks to variations in vortex intensity, impinging angle, and terrain characteristics, 
particularly steepness, (3) evaluate the model’s performance in predicting typhoon-like vortex tracks 
over realistic, complex terrain, specifically Taiwan Island and its Central Mountain Range (CMR), 
and (4) demonstrate the model’s potential for improving typhoon track forecasting and enhancing 
disaster preparedness strategies in regions with complex terrain. 

The paper is structured as follows. Section 2 details the theoretical framework of the dynamic 
model, focusing on the governing equations, approximations, and the derivation of the α and MAV. 
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Section 3 explores the application of the model to an idealized bell-shaped mountain, analyzing the 
sensitivity of vortex tracks to variations in vortex-impinging angle and landing position. Section 4 
investigates the model’s performance with Taiwan’s realistic topography, highlighting the dominant 
role of the CMR in shaping typhoon-like vortex paths and comparing these results with those 
obtained from idealized simulations. Finally, Section 5 summarizes the key findings, emphasizing 
the contributions of this study to our understanding of vortex-topography interaction, particularly in 
the context of Taiwan, and identifies areas for future research. 

2. A Dynamic Model for Strong Cyclonic Vortex Motion over Topography 

2.1. Governing Equations and Approximations 

To predict the trajectory of a strong cyclonic vortex as it moves over variable bottom topography, 
we develop a dynamic model based on the conservation of potential vorticity (PV) on a beta-plane 
[38,39]. 

Figure 1 illustrates the schematic of the physical problem addressed in this study. Under the 
beta-plane approximation, where the Coriolis parameter varies linearly with latitude, the flow is 
governed by the conservation of potential vorticity [38]: 

஽ஈ

஽௧
= 0, (1)

where Π = (𝑓଴ + 𝛽଴𝑦 + 𝜁)/𝐻 represents the PV. Here, 𝑓଴ is the Coriolis parameter, 𝛽଴ is the beta 
parameter, 𝜁  is the relative vorticity, 𝐻  is the total fluid depth 𝐻 = 𝐷 + 𝜂 − ℎ஻ , 𝐷  is the 
unperturbed depth, 𝜂 is the free surface depression induced by the vortex, and ℎ஻ is the bottom 
topography. 

 

Figure 1. Schematic of the dynamic model that illustrates the interaction between a cyclonic vortex 
and isolated topography. (a) The vortex approaches the terrain at an impinging angle 𝛾. The vortex 
has a radius of maximum winds 𝑅௠ and a maximum azimuthal velocity 𝑉௠, interacting with a bell-
shaped mountain of maximum height ℎெ  and base height ℎ஻ . (b) Cross-sectional profile of the 
topography along the vortex path. 𝐷 represents the unperturbed fluid depth, and 𝐻 is the total fluid 
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depth accounting for topography and surface effects. 𝜂௩  denotes the maximum free surface 
depression caused by the vortex. 

We assume the vortex is strong (𝑅𝑜௩~𝑂(1 − 10)) and can be approximated as a point vortex with 
mean core vorticity 𝜁௖ . Additionally, we assume the free surface depression and topographic 
variations are small compared to the unperturbed depth (𝜂 𝐷⁄ ≪ 1, ℎ஻ 𝐷⁄ ≪ 1). These assumptions 
allow us to simplify Equation (1) to: 

஽

஽௧
ቀ

(௙బାఉబ௬ା఍)(ଵିఎ ஽⁄ ା௛ಳ ஽⁄ )

஽
ቁ =0. (2)

We introduce the following non-dimensional variables: 

𝑦∗ = 𝑦 𝑅௠⁄ , 𝑡∗ = 𝑡 𝜏⁄ , 𝜁∗ = 𝜁 𝜏ିଵ⁄ , 𝜂∗ = 𝜂 𝜂௩⁄ , ℎ஻
∗ = ℎ஻ ℎெ⁄ , (3)

where 𝜏 = 𝑅௠ 𝑉௠⁄  is a reference time, 𝑅௠  is the vortex radius, 𝑉௠  is the maximum azimuthal 
velocity, 𝜂௩ is the maximum free surface depression, and ℎெ is the maximum topographic height. 

Substituting these variables into Equation (2) and neglecting higher-order terms yields the non-
dimensional PV conservation equation: 

஽ஈ∗

஽௧∗ = 0, (4)

where the non-dimensional potential vorticity Π∗ is given by Equation (5): 

Π∗ = 𝛽଴
∗𝑦∗ + 𝛽஻

∗ ℎ஻
∗ − 𝛽௩

∗𝜂∗ + 𝜁∗൫1 + 𝑅𝑜௩(𝛽஻
∗ℎ஻

∗ − 𝛽௩
∗𝜂∗)൯ ≡ 𝑐𝑜𝑛𝑠𝑡. (5)

This equation includes four non-dimensional parameters: (i) the vortex Rossby number 𝑅𝑜௩ =

𝑉௠ (𝑓଴𝑅௠)⁄ , (ii) the planetary Beta number 𝛽଴
∗ = 𝛽଴𝑅௠

ଶ 𝑉௠⁄ , (iii) the topographic Beta number 𝛽஻
∗ =

𝑓଴𝑅௠ℎெ (𝑉௠𝐷)⁄ , and (iv) the vortex Beta number 𝛽௩
∗ = 𝑓଴𝑅௠𝜂௩ (𝑉௠𝐷)⁄ . Note that these non-

dimensional parameters are essential for deriving the similarity laws for laboratory experiments 
[32,41–44]. 

2.2. Point Vortex Model and Meridional Adjusting Velocity (MAV) 

We begin with a simplified point vortex model to derive the vortex trajectory. This model 
predicts the vortex’s non-dimensional velocity at the next time step, 𝑉ሬ⃗ ௧ାଵ

∗ , which consists of two 
components: (1) the vortex velocity at the current time step (𝑉ሬ⃗ ௧

∗) and (2) the MAV induced by the 
interaction between the vortex and topography (𝑉ሬ⃗ ௬,௧

∗ ). This relationship is expressed as [38,39]: 

𝑉ሬ⃗ ௧ାଵ
∗ = 𝑉ሬ⃗ ௧

∗ + 𝑉ሬ⃗ ௬,௧
∗  (6)

The derivation of 𝑉ሬ⃗ ௬,௧
∗  follows below. 

As the strong cyclonic vortex approaches the topography, we assume that over a short time 
interval, both the maximum surface depression 𝜂௩  and the mean relative vorticity 𝜁௖  within the 
vortex radius remain unchanged, as indicated in Equation (7): 

𝛿𝜂∗ ≈ 0 and 𝛿𝜁∗ ≈ 0. (7)

Using Equations (5) and (7), the small variation in non-dimensional potential vorticity 𝛿Π௣
∗  over 

a short time interval 𝛿𝑡∗ is approximately zero and it can be expanded as 

𝛿Π௣
∗ ≈ 𝛽଴

∗𝛿𝑦௣
∗ + (1 + 𝑅𝑜௩𝜁௖

∗)𝛽஻
∗ 𝛿ℎ஻

∗ = 0, (8)

where the subscript 𝑝 refers to the point vortex model. 
From Equation (8), the meridional displacement of the point vortex in non-dimensional form, 

𝛿𝑦௣
∗, is expressed in Equation (9): 

𝛿𝑦௣,௧
∗ = −𝛼𝛿ℎ஻

∗  along the direction of 𝑉ሬ⃗ ௧
∗, (9)

where the topographic adjustment parameter α is defined in Equation (10) [38,39]: 
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𝛼 =
(1 + 𝑅𝑜௩𝜁௖

∗)𝛽஻
∗

𝛽଴
∗ . (10)

From Equations (9) and (10), the MAV for the point-vortex model is derived as shown in 
Equation (11): 

𝑉ሬ⃗௬೛,೟
∗ = lim

ఋ௧∗→଴

𝛿𝑦௣
∗

𝛿𝑡∗
𝑒௬ = − 𝛼

𝑑ℎ஻
∗

𝑑𝑡∗
𝑒௬. (11)

The instantaneous variation of topographic height along the direction of the vortex velocity, 
𝑑ℎ஻

∗ 𝑑𝑡∗⁄ , can be expressed as: 

𝑑ℎ஻
∗

𝑑𝑡∗
= lim

ఋ௧∗→଴

ℎ஻
∗ ൫𝑥⃗௧

∗ + 𝑉ሬ⃗ ௧
∗𝛿𝑡∗൯ − ℎ஻

∗ (𝑥⃗௧
∗)

𝛿𝑡∗
≈ 𝑉ሬ⃗ ௧

∗ ∙ ∇ℎ஻
∗ . (12)

2.3. Finite Vortex Correction and Final Model 

We introduce a correction factor to extend the point-vortex model to a more realistic scenario of 
a vortex with finite size. This factor accounts for the fact that a finite vortex, unlike a point vortex, has 
a spatial extent and its interaction with topography occurs over a finite area. 

We relate the meridional displacement of the point vortex (𝛿𝑦௣
∗) to the displacement of the finite 

vortex (𝛿𝑦௧
∗) over a given time interval. Assuming the point vortex displacement occurs over a time 

𝐴 and the finite vortex displacement occurs over 𝑛 times its rotational period (𝜏), we can establish the 
following relationship: 

𝛿𝑦𝑝,𝑡∗=𝑉𝑦𝑝,𝑡∗𝐴=𝛿𝑦𝑡∗=𝑉𝑦,𝑡∗𝑛𝜏. (13)

For simplicity, let 𝐴 = 1 and 𝑛 = 1 . Substituting into Equation (13) yields the real non-
dimensional meridional adjustment velocity, 𝑉ሬ⃗ ௬,௧

∗ , as shown in Equation (14): 

𝑉ሬ⃗ ௬,௧
∗ =

ቚ𝑉ሬ⃗௬೛,೟
∗ ቚ

𝜏
𝑒௬ = −

𝛼

𝜏
൫𝑉ሬ⃗ ௧

∗ ∙ ∇ℎ஻
∗ ൯𝑒௬ . (14)

Equations (6) and (14) constitute the comprehensive dynamic model for the interaction of strong 
cyclonic vortices with topography in this study. The model incorporates the influence of the vortex’s 
inherent motion and the steering effects of the topography. 

2.4. Physical Interpretation of the Dynamic Model 

The dynamic model provides a framework for understanding how a strong cyclonic vortex 
interacts with underlying topography, ultimately explaining how terrain features can influence the 
vortex’s track. The model achieves this by incorporating two key components: the topographic 
adjusting parameter (α) and the meridional adjusting velocity (MAV), as expressed in Equations (10) 
and (14), respectively. 

The topographic adjusting parameter (α) quantifies how sensitive a vortex’s trajectory is to 
changes in the underlying topography. A larger α value implies a more substantial topographic 
steering effect, meaning that changes in bathymetry or topography will more readily alter the vortex 
path. In contrast, a smaller α suggests a weaker topographic influence, allowing the vortex to 
maintain a more consistent trajectory over varying terrain. 

As shown in Equation (14), the MAV is directly proportional to both the topographic adjusting 
parameter (α) and the rate of change of the dimensionless topographic height (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ). This means 
that when a vortex encounters a region of steep terrain, such as when approaching the CMR of 
Taiwan, the MAV will be amplified due to the greater rate of change of topographic height. This leads 
to more pronounced northward or southward deflections in the vortex’s path. 

In essence, the dynamic model uses 𝛼 to quantify a vortex’s susceptibility to topographic steering 
and then employs the MAV to adjust the vortex’s trajectory dynamically based on the underlying 
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topography. This interaction between 𝛼 and MAV provides a powerful framework for understanding 
the complex interplay between vortex motion and bathymetry or topography in geophysical flows. 

3. Analysis of a Typhoon-like Vortex Path over Isolated Topography 

To investigate how isolated topography influences the path of a typhoon-like vortex, we applied 
our dynamic model to a simplified scenario. This involves simulating the trajectory of a vortex over 
an idealized three-dimensional mountain. This approach, commonly employed in numerical 
modeling studies, allows for a focused analysis of topography-induced deflections while minimizing 
the complexities of real-world terrain [3,21,45]. The insights gained from this idealized scenario 
provide a valuable foundation for understanding the model’s capabilities and limitations before 
applying it to more realistic settings. 

3.1. Experiment Setup 

3.1.1. Idealized Topography Settings 

The idealized topography used in this study is a bell-shaped mountain, characterized by its 
symmetrical shape and gradually increasing elevation toward the center. This shape represents a 
simplified, representative topographic feature that a typhoon-like vortex might encounter. The 
specific parameters of this mountain, including its height, base radius, and orientation angle, are 
chosen to roughly mimic the CMR of Taiwan. This dominant topographic feature is known to 
significantly influence typhoon tracks. 

An ideal three-dimensional bell-shaped mountain is selected to represent the isolated 
topography, as depicted in Figure 1. The terrain height ℎ஻ is defined by the following equation 

ℎ஻ =
ℎெ

൬1 + ቀ
𝑥 − 𝑥௔

𝑎௛
ቁ

ଶ

+ ቀ
𝑦 − 𝑦௔

𝑏௛
ቁ

ଶ

൰
௡, (15)

where ℎெ is the maximum mountain height, 𝑥௔ and 𝑦௔ are the coordinates of the mountain center, 
𝑎௛  and 𝑏௛  are the half-widths of the mountain in the 𝑥  and 𝑦 directions, respectively, 𝑛 is the 
shape parameter of the terrain. 

Based on the terrain parameters from [21], with slight adjustments to better simulate Taiwan’s 
topography, we set the mountain center at 𝑥௔ = 121°𝐸  and 𝑦௔ = 23.5°𝑁 . The half-widths 𝑎௛ =

40 𝑘𝑚 and 𝑏௛ = 120 𝑘𝑚 are in the x-direction and y-direction, with the shape parameter 𝑛 = 2 and 
a maximum mountain height ℎெ = 3 𝑘𝑚. 

Furthermore, the orientation angle 𝜃 of the long axis of the mountains is set to 15° to align with 
the northeast-southwest orientation of the Taiwan’s CMR. These parameters create a realistic 
representation of Taiwan’s topography, enabling the examination of how a typhoon-like vortex 
interacts with such terrain. 

Figure 2(a) presents the topographic contours of the three-dimensional bell-shaped mountain. 
The solid black lines represent the 100-meter elevation contours, while the dashed black lines indicate 
the 1000-meter contours. This visualization highlights the mountain’s symmetrical shape and the 
gradual increase in elevation toward the center. Figure 2(b) shows the terrain cross-sections along the 
latitudinal direction at 24.5°, 24°, 23° and 22.5°𝑁 from north to south. These profiles illustrate the 
variation in elevation across different latitudes, providing insights into how the vortex could 
experience changes in topographic influence as it moves. 
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Figure 2. (a) The 3D bell-shaped mountain’s topography shows the latitudinal cross sections AA’ to 
EE’. Solid contour lines represent 100-meter intervals, whereas dashed lines mark 1000-meter 
elevations. (b) Cross-sectional topographic profiles along each of the five latitudes. These profiles 
illustrate the steep elevation of the CMR, peaking above 3000 meters, with the highest elevations near 
the CC’ and DD’ sections, showing strong variation in terrain across the island. 

3.1.2. Typhoon-like Vortex Initialization 

We initialize the typhoon-like vortex (vortex M) with parameters that approximate a moderate 
typhoon commonly observed in the Western North Pacific [33]. Observational data guide the choice 
of these parameters and aims to create a realistic representation of a typhoon-like vortex for our 
simulations. 

Firstly, the relative vorticity (𝜁௖) at the vortex center is set to 4 × 10ିସ 𝑠ିଵ, a value within the 
range commonly observed in typical Western North Pacific typhoons, ensuring the vortex strength 
accurately reflects real-world systems. Secondly, the maximum wind speed (𝑉௠) is set to 30 m/s, 
aligning with the wind speeds characteristic of moderate typhoons. Thirdly, the radius of maximum 
wind (𝑅௠) is specified as 150 km, consistent with the typical size of mature tropical cyclones in the 
region [36]. Fourthly, the unperturbed depth (𝐷) is set to 10 km, representing the approximate depth 
of the troposphere where the primary circulation of a typhoon occurs. Lastly, the initial movement 
speed of the vortex (𝑉଴

ሬሬሬ⃗ ) is set to 6 m/s, matching the average translation speed of typhoons in this 
region [46]. 

The dynamic model employs a time step of 150 seconds to ensure numerical stability and 
temporal resolution. The terrain gradient is calculated on a grid with a spatial resolution of 250 
meters, capturing the fine-scale variations in topography that influence the vortex’s path. 

3.1.3. Definition of Impinging Angle and Track Deflection 

We define two key parameters to quantify the vortex-topography interaction: impinging angle 
(𝛾) and track deflection (𝛿). These parameters allow for a standardized comparison of how the terrain 
affects the vortex’s trajectory under different approach conditions. 

The impinging angle (𝛾) is defined as the angle between the initial movement direction of the 
vortex and the normal to the central axis of the terrain, as shown in Figure 1(a). This angle determines 
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the degree to which the vortex encounters the terrain directly, varying from a head-on approach (𝛾 
≈ 180°) to a more oblique interaction (90° ≤ 𝛾 ≤ 180°). Track deflection (𝛿), on the other hand, is 
defined as the meridional (north-south) deviation of the vortex’s trajectory from its expected path in 
the absence of topographic influence, occurring after the vortex interacts with the terrain. This 
parameter quantifies the topographic steering effect, directly measuring how much the terrain 
influences the vortex’s path [7]. 

3.2. Track Analysis of Vortex M with Varying Impinging Angles and Landing Positions 

To understand how different angles of approach and landing positions affect the vortex 
trajectory, we perform simulations with varying impinging angles (𝛾) and initial vortex locations. 
These simulations aim to explore a range of possible interactions between the vortex and the idealized 
topography, providing insight into the sensitivity of track deflection to these factors. 

3.2.1. Visualization of Vortex Tracks and Deflections 

Figure 3 presents the simulated tracks of vortex M for a range of impinging angles and landing 
positions. Each panel in Figure 3 corresponds to a specific impinging angle (195°, 170°, 145°, and 
120°), and within each panel, multiple tracks represent different initial landing positions of the vortex 
relative to the idealized mountain. Each scenario’s corresponding track deflections ( 𝛿 ) are also 
depicted, providing a quantitative measure of how much the topography alters the vortex’s path. The 
detailed calculation conditions are listed in Table 1. 

 
Figure 3. Tracks of vortex M passing over isolated topography for different impinging angles: (a) 195°, 
(b) 170°, (c) 145°, and (d) 120°. The corresponding track deflection (𝛿) are also shown. 

Table 1. Simulation parameters for vortex tracks over topography. The table displays the vortex 
intensity (𝑅𝑜௩𝜁௖

∗), maximum wind speed (𝑉௠), radius of maximum wind (𝑅௠), vortex Rossby number 
(𝑅𝑜௩), planetary Beta number (𝛽଴

∗), topographic Beta number (𝛽஻
∗ ), the ratio of 𝛽஻

∗  and 𝛽଴
∗ (𝛽஻

∗ 𝛽଴
∗⁄ ), 

topographic adjusting parameter (α) and impinging angle (γ) for various simulated scenarios. Figures 
correspond to specific sections within the manuscript. 

Figure Vortex 𝑽𝒎 (𝒎𝒔ି𝟏)𝑹𝒎(𝒌𝒎) 𝜻𝒄(𝒔ି𝟏) 𝑹𝒐𝒗 𝑹𝒐𝒗𝜻𝒄
∗ 𝜷𝑩

∗  𝜷𝟎
∗  𝜷𝑩

∗ 𝜷𝟎
∗⁄  𝜶 𝜸(°) 

3(a) M 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  195 
3(b) M 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  170 
3(c) M 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  145 
3(d) M 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  125 
5(a) S1 20 200 0.0002 1.8  3.7  0.164  0.043  3.86  18.0  195 
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5(b) S2 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  195 
5(c) S3 30 100 0.0006 5.5  11.0  0.055  0.007  7.72  92.4  195 
5(d) S1 20 200 0.0002 1.8  3.7  0.164  0.043  3.86  18.0  170 
5(e) S2 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  170 
5(f) S3 30 100 0.0006 5.5  11.0  0.055  0.007  7.72  92.4  170 
6(a) S1 20 200 0.0002 1.8  3.7  0.164  0.043  3.86  18.0  145 
6(b) S2 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  145 
6(c) S3 30 100 0.0006 5.5  11.0  0.055  0.007  7.72  92.4  145 
6(d) S1 20 200 0.0002 1.8  3.7  0.164  0.043  3.86  18.0  120 
6(e) S2 30 150 0.0004 3.7  7.3  0.082  0.016  5.15  42.8  120 
6(f) S3 30 100 0.0006 5.5  11.0  0.055  0.007  7.72  92.4  120 

* For comparison, all parameters are calculated with reference to a latitude of 22°N. 

3.2.2. Impact of Landing Position on Track Deflection 

The simulations reveal a distinct relationship between the landing position of the vortex relative 
to the idealized mountain and the resulting track deflection (𝛿). This relationship can be explained by 
examining the rate of change of the dimensionless topographic height ( 𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ), a key factor 
influencing the MAV and consequently, the vortex’s path. 

Vortices making central landfall (Cases ‘2’, ‘5’, ‘8’, and ‘11’) consistently exhibit larger track 
deflections, particularly when approaching the central region of the idealized mountain. The vortex 
paths display pronounced S-shaped curves in these cases, with significant southward and subsequent 
northward deviations. This behavior is attributed to the steeper terrain gradients in the central region, 
which cause more rapid changes in (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ). The intensified MAV in these scenarios leads to greater 
deflection as the vortex traverses the windward and leeward slopes. For example, case ‘11’, which 
makes landfall closest to the mountain peak, shows a significant track deflection of approximately 
278 km, highlighting the strong influence of steep terrain gradients on vortex trajectory. 

In contrast, vortices making northern and southern landfall (Cases ‘1’, ‘3’, ‘4’, ‘6’, ‘7’, ‘9’, ‘10’, and 
‘12’) encounter relatively flat and gentle terrain, resulting in smaller track deflections. This is evident 
in cases ‘1’, ‘4’, ‘7’, and ‘10’ (northern landfall) as well as cases ‘3’, ‘6’, ‘9’, and ‘12’ (southern landfall), 
where the vortex tracks remain predominantly westward with minimal meridional deviation. The 
gentler terrain gradients in these regions lead to smaller changes in (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ), thereby reducing the 
MAV influence and producing a more direct path. 

As the vortex traverses the terrain, 𝑑ℎ஻
∗ 𝑑𝑡∗⁄  represents the rate at which the vortex experiences 

changes in elevation along its path. When the vortex moves over the windward side of the terrain, 
𝑑ℎ஻

∗ 𝑑𝑡∗⁄  is positive, signifying an upward slope. Conversely, on the leeward side, where the terrain 
slopes downward, 𝑑ℎ஻

∗ 𝑑𝑡∗⁄  becomes negative. According to Equation (11), a positive 𝑑ℎ஻
∗ 𝑑𝑡∗⁄  

corresponds to a negative MAV, leading to southward deflection, while a negative 𝑑ℎ஻
∗ 𝑑𝑡∗⁄  results 

in a positive MAV, driving a northward deflection. 
The study’s focus on the rate of change of topographic height, aligning with previous findings 

[19,25,27–30], emphasizes the importance of accurately capturing the terrain’s gradient in modulating 
track deflection. This sensitivity analysis, employing an idealized bell-shaped mountain, provides a 
valuable baseline to understand the dynamic response of vortices to topographic variations. 

3.2.3. Impact of Impinging Angle on Track Curvature 

The simulation results show that as the impinging angle decreases (approaching a more oblique 
interaction with the terrain), the curvature of the S-shaped path generally increases. This effect is 
particularly evident for vortices passing through the central region of the idealized mountain (e.g., 
tracks ‘2’, ‘5’, ‘8’, and ‘11’). 

This relationship between impinging angle and path curvature can be understood by 
considering the time the vortex interacts with the steepest terrain gradients. A lower impinging angle 
implies a more oblique approach, which causes the vortex to interact with the steep central slopes of 
the idealized mountain for a longer period. 
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As the vortex traverses this steep region at a shallower angle, it experiences more rapid changes 
in 𝑑ℎ஻

∗ 𝑑𝑡∗⁄ , leading to a more pronounced MAV response. This results in greater southward 
deflection on the windward side, followed by a more pronounced northward correction on the 
leeward side, ultimately enhancing the curvature of the S-shaped track. 

By capturing the strong dependence of track deflection on impinging angle [24,27–29], the model 
can simulate the complex interactions between a vortex and the varying slopes of a terrain feature. 
This finding reinforces the model’s potential as a valuable tool for analyzing and predicting vortex 
behavior in real-world settings with complex, sloping terrain. 

3.2.4. Summary of Results 

The observed track deflections and their dependence on both the landing position and the 
impinging angle are consistent with the theoretical predictions of the dynamic model. The model 
emphasizes the significance of the rate of change of the dimensionless topographic height 𝑑ℎ஻

∗ 𝑑𝑡∗⁄  
in determining the MAV and, consequently, the vortex path. 

Equation (11) demonstrates that the MAV is directly influenced by the product of the vortex’s 
current velocity and the gradient of dimensionless topography. Steeper terrain gradients result in 
larger ∇ℎ஻

∗ , amplifying the MAV. Therefore, vortices encountering steeper terrain (central region) or 
approaching at shallower impinging angles (longer interaction with steep gradients) will exhibit 
more substantial track deflections. 

Strong agreement between the predictions of the model and existing theoretical and numerical 
studies [11,12,19,28,29] demonstrates the robustness of the model and its ability to accurately capture 
the underlying dynamics of the vortex-topography interaction. This validation strengthens the 
study’s argument for accurately representing terrain gradients and incorporating the concepts of α 
and MAV in modeling vortex behavior. 

4. Analysis of Typhoon-like Vortex Path over Taiwan Topography 

4.1. Analysis of Taiwan Island Topography: General Trends and Cross-Sectional Characteristics 

Figure 4 shows Taiwan’s topography with contour lines at 100 m and 1000 m elevations. Five 
latitudinal cross-sections (AA’, BB’, CC’, DD’, and EE’) are marked to illustrate topographic 
variations. The corresponding elevational profiles are shown on the right. Taiwan’s topography is 
characterized by a prominent CMR, exceeding 3000 m in elevation. The terrain slopes steeply 
eastward towards the Pacific Ocean and gradually descends westward toward the Taiwan Strait. This 
westward topographic slope is evident in all five elevational profiles (AA’ to EE’), with the steepest 
slopes observed in the central sections (CC’ and DD’). 
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Figure 4. (a) Topography of Taiwan: Contour lines representing elevations of 100 m (solid lines) and 
1000 m (dashed lines) are shown. Five latitudinal cross-sections (AA’, BB’, CC’, DD’, and EE’) are 
marked. (b) Elevational profiles: Topographic profiles along the five cross-sections indicated in panel 
(a) are displayed. 

CC’ (near 23.5°N) represents the central part of Taiwan, where the CMR reaches its maximum 
elevation, with peaks exceeding 3500 m. The terrain here is notable steep, characterized by sharp 
elevation gradients on both the windward and leeward sides, acting as a significant barrier to airflow 
and significantly impacting vortex tracks. DD’ (near 23°N) shows a southern segment of the CMR 
with multiple peaks around 3000 m. Although the topography exhibits slightly gentler slopes 
compared to CC’, it still presents substantial elevation differences that can affect atmospheric vortices. 
EE’ (near 22.5°N) represents the southernmost section with a decreasing trend in elevation and peaks 
generally below 2000 m. The terrain in this region is less pronounced than in the central and northern 
sections, with broader and more gradual slopes, resulting in weaker orographic impacts on vortex 
tracks. 

Taiwan’s topography is dominated by a central spine of high, steep mountains, significantly 
influencing atmospheric dynamics, particularly for vortices approaching from the east. The central 
sections of Taiwan (CC’ and DD’) feature the steepest and highest elevations, playing a crucial role 
in altering vortex paths, which has been recognized as a major factor influencing typhoon track 
deflections [2,12,19,31,35]. 

4.2. Influence of Vortex Intensity on Track Deflection with Fixed Impinging Angle of 195° 

Figures 5 (a), 5 (b) and 5 (c) show the scanned tracks of vortices S1, S2, and S3, respectively, each 
calculated with a fixed impinging angle of 195 °. Vortices S1, S2 and S3 have central relative vorticities 
(𝜁௖ ) of 2 × 10ିସ𝑠ିଵ , 4 × 10ିସ𝑠ିଵ  and 6 × 10ିସ𝑠ିଵ . The initial positions of the vortices are set at 
122.5°E longitude, with starting latitudes from 22.75°N to 24.95°N, spaced at equal intervals of 0.55°. 
The detailed calculation conditions are listed in Table 1. 
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Figure 5. Simulated tracks (scanned trajectories) of vortices interacting with the realistic topography 
of Taiwan at varying initial latitudes but fixed impinging angles. Each panel represents a different 
vortex central relative vorticity (𝜁

𝑐
): (a) S1 (2 × 10ିସ𝑠ିଵ), (b) S2 (4 × 10ିସ𝑠ିଵ), (c) S3 (6 × 10ିସ𝑠ିଵ). 

The impinging angle (γ) for the panels (a-c) is 195°. Panels (d-f) use the same vortex intensities as (a-
c), respectively, but with an impinging angle of 170°. 

Examining the tracks alongside the five elevational profiles (AA’ to EE’) in Figure 4, we observe 
distinct patterns linked to the varying topography: 

Tracks interacting with the CMR, particularly along profiles CC’ and DD’, show the most 
significant southward deflections, especially for the stronger vortices S2 and S3. This pattern is 
consistent with the steep eastern slopes and high elevations (exceeding 3000 m) characteristic of these 
profiles, which result in elevated (𝛽஻

∗ 𝛽଴
∗⁄ ) values ranging from 3.86 to 7.72 as the vortex intensity 

increases from S1 to S3 (as detailed in Table 1). The increase in α values from 18.0 to 92.4 with rising 
vortex intensity highlights the enhanced susceptibility to topographic steering, leading to more 
pronounced southward deflections. The steep terrain induces significant changes in ( 𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ), 
generating a strong positive MAV and causing pronounced southward deviations. 

Tracks passing over southern Taiwan (profile EE’) also exhibit notable deflections. Although the 
terrain here is less elevated than the CMR, it features a significant westward slope, as shown in profile 
EE’. This slope, combined with the intense circulation of vortex S3, causes a marked westward and 
then southward deflection, particularly visible in the southernmost track ‘5’ in Figure 5(c). This 
demonstrates the sensitivity of even strong vortices to subtle topographic variations, particularly on 
their windward side. 

Tracks bypassing the CMR (profiles AA’ and BB’) generally maintain a more stable westward 
trajectory with minimal southward deviation. This reduced response to topography is due to the 
lower elevations and gentler slopes encountered in the northern part of the island, resulting in weaker 
(𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) forcing and thus less pronounced track deflections. 

4.3. Influence of Vortex Intensity on Track Deflection with Fixed Impinging Angle of 170° 
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Figures 5(d), 5(e), and 5(f) depict the scanned trajectories of vortices S1, S2, and S3, respectively, 
impacting Taiwan at a fixed 170° impinging angle. A comparative examination of the tracks and 
elevational profiles (AA’ - EE’ in Figure 4) reveals as follows. 

Across all vortex intensities, tracks interacting with the steep eastern slopes of the CMR (profiles 
CC’ and DD’) exhibit the most significant southward deflections, underscoring the CMR’s role as a 
defined barrier. The relatively shallow impinging angle of 170° facilitates a prolonged interaction 
with the terrain, enhancing this effect and demonstrating the strong steering influence of this 
topographic feature. 

While the overall southward deflection remains consistent, subtle variations emerge based on 
vortex intensity. For weaker vortices (S1, Figure 5(d)), the tracks show a more gradual southward 
turn, indicating that the weaker circulation is less responsive to the rapid changes in (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) 
encountered along the steep slopes. In contrast, stronger vortices (S2 and S3, Figures 5(e) and 5(f)) 
display a sharper and more abrupt southward deflection when encountering the CMR. This behavior 
aligns with their higher (𝛽஻

∗ 𝛽଴
∗⁄ ) values (5.15 and 7.72 for S2 and S3, respectively), indicating a stronger 

influence of terrain on their trajectories. The dynamic model effectively captures this pattern, 
predicting a more pronounced MAV response to (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) variations for more intense vortices. This 
observation is further supported by the α values in Table 1, which increase from 18.0 for S1 to 92.4 
for S3. The larger α values for stronger vortices suggest a greater sensitivity to terrain gradients, 
leading to the observed sharper and more abrupt southward deflections as they encounter the steep 
slopes of the CMR. 

An evident north-south asymmetry in deflection can be seen when comparing tracks north and 
south of the CMR. Tracks passing north of the CMR exhibit minimal deflection, maintaining their 
initial westward trajectories. In contrast, those passing south of the range display a noticeable 
westward and southward shift, particularly in Figure 5(f). This asymmetry underscores the influence 
of Taiwan’s sloping terrain west of the CMR (as reflected in profiles CC’ and DD’), contributing to 
southward deflection even in lower-elevation regions. 

In short, by employing a shallower impinging angle, this analysis effectively examines the ability 
of the model to capture the prolonged interaction of vortices with the steep slopes of the CMR, a 
scenario often observed in real-world typhoon events [24,27–29]. The successful simulation of these 
prolonged interactions by the model, including nuanced variations based on the intensity of the 
vortex, strengthens its credibility and highlights its potential for analyzing and forecasting the 
behavior of typhoons in complex terrain. 

4.4. Influence of Vortex Intensity on Track Deflection with Fixed Impinging Angle of 145° 

This analysis focuses on Figures 6 (a), 6 (b), and 6 (c), which show the scanned trajectories of 
vortices S1, S2, and S3 (increasing intensity), respectively, approaching Taiwan at a 145° impinging 
angle. We explore how this shallower angle, combined with varying vortex strengths, affects track 
deflection, incorporating insights from Taiwan’s topographic profiles (Figure 4) and the dynamic 
model framework. The results show the following features. 
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Figure 6. The figure is similar to Figure 5 but illustrates tracks for shallower impinging angles. Panels 
(a-c) display the tracks for vortices S1, S2, and S3, respectively, with a fixed impinging angle of 145°. 
Panels (d-f) present the corresponding tracks for the same vortices, but with an impinging angle of 
120°. 

A consistent pattern of enhanced southward deflection is evident across all three figures, 
particularly for tracks interacting with the central and southern sections of the CMR (profiles CC’ and 
DD’). This observation underscores the amplified steering influence of the topography at this 
shallower angle, where the vortex experiences a more prolonged interaction with the steep eastern 
slopes. The increasing values of ( 𝛽஻

∗ 𝛽଴
∗⁄ ) (ranging from 3.86 to 7.72 for S1 to S3) support this, 

suggesting that as vortex intensity rises, the terrain effect becomes more pronounced, leading to more 
significant southward deflections. This is further corroborated by the increasing α values (from 32.1 
to 92.4 for S1 to S3) shown in Table 1, indicating heightened sensitivity to topographic forcing. This 
results in more significant deflections southward, even with the shallower impinging angle. 

The relationship between vortex intensity and deflection magnitude reveals that while all 
vortices experience southward deflection, vortex strength (𝜁௖) influences the extent of this shift. The 
weaker vortex S1 (Figure 6(a)) shows a less pronounced shift compared to the more intense vortices 
S2 (Figure 6(b)) and S3 (Figure 6(c)). This aligns with the dynamic model, where a stronger vortex, 
characterized by a higher terrain adjustment coefficient (α), shows a more substantial MAV response 
to the same (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) forcing, leading to a more significant southward deflection. 
Even tracks passing south of Taiwan, which do not directly interact with the highest peaks 

(profile EE’), demonstrate the westward terrain influence, exhibiting a westward and then southward 
deflection. This highlights the impact of the westward-sloping terrain west of the central ridge, 
contributing to southward steering effects even at lower elevations. 

4.5. Influence of Vortex Intensity on Track Deflection with Fixed Impinging Angle of 120° 

This analysis focuses on Figures 6(d), 6(e), and 6(f), which illustrate scanned trajectories of 
vortices S1, S2, and S3 (increasing in intensity), respectively, approaching Taiwan at a 120° impinging 
angle. The results showing the following features. 
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In all three figures and for all vortex intensities, a consistent pattern emerges, demonstrating 
topography as the dominant steering force. Taiwan’s topography serves as a major guiding influence. 
Even the weakest vortex (S1, Figure 6(d)) experiences a significant southward deflection, 
demonstrating the dominance of terrain over the vortex’s natural motion. This effect is attributed to 
the notably high (𝛽஻

∗ 𝛽଴
∗⁄ ) values (ranging from 3.86 to 7.72 for S5 to S3) at this shallow angle, indicating 

that the topographic beta effect (𝛽஻
∗) significantly exceeds the planetary beta effect (𝛽଴

∗). The α values 
listed in Table 1, all significantly greater than 1 (even for the weakest vortex S1, with α = 18.0), further 
confirm this dominance of terrain over the vortex’s intrinsic movement. 

While all vortices exhibit substantial southward deflection, there is a subtle influence of vortex 
intensity. For the weaker vortex (S1, Figure 6(d)), the track follows a smoother southward path, 
closely hugging the eastern coastline, indicating a more passive response to the terrain. In contrast, 
the tracks of stronger vortices (S2 and S3, Figures 6(e) and 6(f)) display more pronounced oscillations 
as they are deflected southward. This is likely due to the stronger interaction between the intense 
circulation and the complex terrain, resulting in more dynamic and spatially variable (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) 
forcing, and consequently, a more fluctuating MAV response. 

An analysis of the topographic profiles and track variability reveals that the consistent 
southward deflection aligns with the steep eastern slopes of the CMR, particularly profiles CC’ and 
DD’. Even tracks passing farther south, which interact with the gentler slopes of profile EE’, still 
exhibit significant southward turning, indicating the extensive influence of the terrain at this shallow 
angle. 

4.6. A Comprehensive Analysis with Real and Idealized Terrain 

The set of figures (5(a)-(f) and 6(a)-(f)) presents the scanned tracks of three typhoon-like vortices 
(S1, S2, and S3) interacting with Taiwan’s complex topography under varying impinging angles 
(195°, 170°, 145°, and 120°). The dynamic model captures how the dimensionless rate of change of the 
topographic height 𝑑ℎ஻

∗ 𝑑𝑡∗⁄  influences vortex paths, modulated by the vortex’s relative vorticity 𝜁௖  
and impinging angles 𝛾. Key observations and interpretations include: 
1. Influence of Vortex Intensity (𝜁௖): Across all figures, stronger vortices (e.g., S3) exhibit the most 

pronounced S-shaped track deflections. These deflections occur due to larger topographic 
adjusting parameters ( 𝛼 ), leading to significant MAV. The MAV is directly influenced by 
𝑑ℎ஻

∗ 𝑑𝑡∗⁄ , where positive values correspond to compression on windward slopes, driving 
southward deflections, and negative values correspond to stretching on leeward slopes, causing 
northward corrections. Weaker vortices (e.g., S1) show minimal interaction, maintaining 
relatively straight paths due to subdued MAV responses. 

2. Effect of Impinging Angle (𝛾): The impinging angle significantly alters the extent of interaction 
between the vortex and the terrain. Steeper impinging angles (e.g., 120° in Figures 6(d)-(f)) result 
in greater path curvature as the vortex spends more time engaging with the terrain. In contrast, 
shallower angles (e.g., 195° in Figures 5(a)-(c)) lead to less interaction, as the vortices traverse 
the terrain more perpendicularly, minimizing prolonged exposure to the topographic gradients. 

3. Path Characteristics: The distinct S-shaped patterns observed in S3 are most evident under 
steeper impinging angles (Figures 6(e) and 6(f)). These figures show the dynamic response to 
terrain, characterized by strong deflections due to amplified MAV effects. Conversely, weaker 
vortices like S1 maintain near-linear paths across all angles, demonstrating that lower 𝜁௖  values 
dampen the influence of topographic variations. 

5. Conclusions 

This study investigates the influence of topography on the trajectory of strong cyclonic vortices 
using a dynamic model based on the conservation of PV. The study develops a novel dynamic model 
that incorporates the α and the MAV to capture the vortex’s response to terrain variations. 

5.1. A Novel Dynamic Model for Predicting Typhoon Tracks over Complex Terrain 
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This study presents a significant advancement in understanding and predicting typhoon-
topography interactions through the development and validation of an innovative dynamic model. 
This model, grounded in the principle of potential vorticity (PV) conservation, offers a refined 
approach to capturing the complex interplay between a typhoon’s circulation and underlying terrain. 
Its key innovation lies in the incorporation of two crucial parameters: the topographic adjusting 
parameter (α) and the meridional adjusting velocity (MAV). 

The topographic adjusting parameter (α) quantifies the sensitivity of a typhoon’s trajectory to 
changes in terrain elevation. A higher α value indicates a greater susceptibility to topographic 
steering, resulting in more pronounced track deflections. Critically, α is not static but dynamically 
varies with both vortex intensity (represented by the product of the Rossby number 𝑅𝑜௩ and non-
dimensional relative vorticity 𝜁௖

∗) and the relative influence of topographic features (𝛽஻
∗ ) compared to 

the background planetary vorticity (𝛽଴
∗). This dynamic relationship captures the complex interplay 

between a typhoon’s inherent strength and the surrounding environmental conditions, which are 
crucial in determining the degree of topographic influence. 

The MAV complements α by dynamically adjusting the vortex’s meridional (north-south) 
velocity in response to terrain variations. The MAV is directly proportional to both α and the rate of 
change of topographic height (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) along the vortex’s path. This means that when a typhoon 
encounters steep terrain gradients, such as those found in Taiwan’s CMR, the MAV is amplified, 
leading to more pronounced northward or southward deflections. The explicit calculation of MAV 
allows for a more realistic and nuanced representation of a typhoon’s response to complex terrain, a 
feature often lacking in simpler track prediction models. 

The model’s performance was rigorously validated using both idealized and realistic 
simulations. Initial tests with an idealized bell-shaped mountain confirmed the model’s ability to 
capture the fundamental dynamics of topographic steering. Subsequent simulations using Taiwan’s 
complex topography further demonstrated the model’s capability to realistically predict typhoon 
track deflections, highlighting the significant influence of the CMR. These findings underscore the 
model’s potential as a powerful tool for improving typhoon track forecasting and, consequently, 
enhancing disaster preparedness strategies [2,4,12,27–29,47]. 

5.2. Evaluating Model Performance with Idealized Topography 

To assess the fundamental capabilities of the innovative dynamic model, a series of simulations 
were conducted using an idealized bell-shaped mountain. This simplified topography allowed for a 
controlled investigation into the core mechanisms of topographic steering, isolating the effects of 
terrain steepness, vortex intensity, and impinging angle without the added complexities of real-world 
terrain. 

The simulations revealed a distinct relationship between the vortex’s landing position relative 
to the mountain and the resulting track deflection. Vortices making landfall near the mountain’s 
center, where terrain gradients are steepest, experienced the most significant deflections, often 
exhibiting pronounced S-shaped trajectories. This behavior directly corresponds to amplified MAV 
values due to the rapid changes in topographic height (𝑑ℎ஻

∗ 𝑑𝑡∗⁄ ) experienced by the vortex in these 
regions. Conversely, vortices making landfall further from the center, where slopes are gentler, 
exhibited smaller deflections and maintained more direct paths, reflecting the reduced influence of 
the MAV. 

Further analysis revealed the crucial role of the impinging angle (γ) in modulating the 
interaction between the vortex and the terrain. Shallower impinging angles (smaller γ values), 
representing more oblique approaches, led to increased interaction time with the steepest portions of 
the terrain. This prolonged interaction resulted in greater deflections and more pronounced 
curvature in the vortex tracks. These findings underscore the importance of accurately representing 
both the terrain’s steepness and the vortex’s approach angle when predicting track deflections. 

The results obtained from these idealized simulations served as a crucial first step in validating 
the dynamic model. The observed relationships between landing position, impinging angle, and 
track deflection aligned closely with the model’s predictions, confirming its ability to capture the 
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fundamental physics of topographic steering. This validation provided a strong foundation for 
subsequent investigations using the more complex and realistic topography of Taiwan Island. 

5.3. Applying the Model to Real-World Complexity: Typhoon-Like Tracks over Taiwan 

Following the validation with idealized topography, the dynamic model’s performance was 
evaluated using the realistic, complex terrain of Taiwan Island. This application served as a critical 
test of the model’s ability to predict typhoon track deflections in a real-world scenario, where the 
intricate interplay between topography and vortex dynamics can lead to highly variable and often 
unpredictable track behavior [2,12,19,24,25,27,35]. 

Simulations were conducted using a range of typhoon-like vortices with varying intensities and 
approach angles, mirroring the diverse conditions encountered in actual typhoons impacting Taiwan. 
The results consistently highlighted the dominant role of the CMR in shaping vortex trajectories. The 
CMR’s steep eastern slopes acted as a significant barrier, deflecting tracks southward, particularly 
for those vortices approaching from the east. This southward deflection was most pronounced for 
stronger vortices and at shallower approach angles, further corroborating the findings from the 
idealized simulations and demonstrating the model’s ability to capture the interplay of these key 
factors. 

A key observation from the Taiwan simulations was the marked north-south asymmetry in track 
deflections. Vortices passing north of the CMR experienced minimal deviation, largely maintaining 
their initial westward course. In contrast, those passing south of the CMR exhibited substantial 
westward and then southward deflections, influenced by the westward sloping terrain west of the 
mountain range. This asymmetry highlights the importance of capturing the detailed topographic 
features of a region when predicting typhoon tracks. 

Compared to the idealized simulations, the tracks generated over Taiwan’s topography 
exhibited greater variability, reflecting the island’s intricate terrain features. Multiple peaks, valleys, 
and varying slopes created a complex distribution of 𝑑ℎ஻

∗ 𝑑𝑡∗⁄ , leading to dynamic fluctuations in the 
MAV and consequently, more intricate and variable track deflections. The model’s ability to capture 
this increased variability underscores its capacity to simulate real-world typhoon behavior in 
complex terrain. This successful application to Taiwan’s topography highlights the model’s potential 
as a valuable tool for improving typhoon track forecasting and enhancing disaster preparedness in 
regions characterized by complex terrain. 

5.4. Key Findings and Implications for Typhoon Track Forecasting 

This study makes several key contributions to the understanding and prediction of typhoon 
track deflections in complex terrain. The development and validation of the innovative dynamic 
model, incorporating the topographic adjusting parameter (α) and the meridional adjusting velocity 
(MAV), provides a significant advancement in our ability to capture the complex interaction between 
typhoon vortices and underlying topography. 

5.4.1. Key findings 

 Dominant role of topography: Steep terrain gradients, exemplified by Taiwan’s Central 
Mountain Range (CMR), consistently deflect typhoon tracks, particularly inducing southward 
deviations. This underscores the critical need for accurate terrain representation in forecast 
models. 

 Influence of vortex intensity: Stronger vortices experience more pronounced deflections due to 
their enhanced sensitivity to topographic steering (larger α and MAV). This highlights the 
importance of accurately estimating and forecasting vortex intensity for reliable track prediction. 

 Impact of approach angle: Shallower approach angles amplify deflections due to prolonged 
interaction with steep terrain. This finding emphasizes the need to carefully consider the vortex’s 
initial trajectory and its orientation relative to topographic features. 
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 North-south asymmetry in deflections: The significant difference in track deflections observed 
north and south of the CMR demonstrates the importance of capturing detailed topographic 
features to accurately predict track deviations. 

 Enhanced track variability in complex terrain: The increased variability in typhoon tracks 
simulated over Taiwan’s complex topography, compared to idealized terrain, underscores the 
model’s ability to capture the dynamic interplay between a vortex and its environment, a crucial 
aspect for realistic track forecasting. 

5.4.2. Implications and Future Directions 

This research demonstrates the capability of the novel dynamic model to realistically simulate 
and predict typhoon track deflections over complex terrain. The model’s insights into the interplay 
between topographic steering, vortex intensity, and approach angle can significantly enhance 
typhoon track forecasting, particularly in regions like Taiwan where terrain plays a critical role. 
Future research can expand on these findings by: 
 Incorporating model insights into ensemble forecasting techniques: The model can provide 

valuable information for ensemble forecasting systems, allowing for a more comprehensive 
assessment of potential track scenarios and their associated uncertainties [49,50]. 

 Exploring the role of additional factors: Future studies can investigate the influence of other 
factors, such as atmospheric conditions and vortex structure, on track deflections 
[13,16,34,45,46,49]. 

 Expanding model application to other regions: The model can be applied to other regions with 
complex terrain to further validate its performance and contribute to improved typhoon track 
prediction worldwide [17,25,27]. 
To sum up, the development of a dynamic model based on PV conservation is a significant 

contribution to the field, as it provides a robust framework for understanding the physical 
mechanisms driving track deflection. This approach aligns with the broader trend in typhoon 
research emphasizing the importance of PV dynamics in accurately predicting typhoon motion 
[28,48]. These findings are particularly relevant for operational forecasting and disaster 
preparedness, especially in regions like Taiwan where terrain plays a significant role. 
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