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Abstract: This paper presents atmospheric turbulence as an intrinsic hazard to aircraft flight dynamics, 
particularly when flying over large oceanic expanses bodies of water such as the Pacific Ocean. This 
study applies the von Kármán atmospheric turbulence model to the lateral, longitudinal, and vertical 
perturbations experienced by a medium-range twin-engine passenger aircraft. Mathematical 
expressions for the turbulence inputs are derived and integrated into the linearised aircraft equations 
of motion, and the dynamic response under cruise flight conditions is analysed. The results reveal key 
insights into turbulence structure and demonstrate the utility of stochastic filtering for state estimation 
in high-noise environments. 
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1. INTRODUCTION 
Convective atmospheric turbulence presents critical challenges to aircraft performance and 
safety, especially over vast oceanic regions such as the Pacific Ocean. In this study, atmospheric 
turbulence is modelled using the von Kármán spectrum, its impacts on aircraft dynamics are 
simulated, and an Extended Kalman Filter is applied to estimate turbulent states and aircraft 
state vectors in real time [8-10]. 

Turbulence in convective weather arises from buoyancy-driven vertical motions, wind 
shear, and thermal plumes. 

Over oceans, the absence of terrain does not preclude the formation of large-scale turbulent 
structures, which are often driven by sea surface temperature gradients. 

These turbulent motions can degrade passenger comfort, impact aircraft stability, and 
complicate flight control demands. To characterize this phenomenon, a stochastic turbulence 
model based on the von Kármán spectrum, widely used in atmospheric science and aerospace 
engineering is adopted [13-14]. 
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2. STATE OF THE ART IN METEOROLOGICAL PHENOMENA 
AFFECTING AIRCRAFT OPERATIONS 

Atmospheric turbulence directly affects aircraft stability, passenger comfort, structural loads, 
and flight control system performance. Over the Pacific Ocean, turbulence sources include jet 
streams, convective cells, and gravity wave activity. Among turbulence models, the von 
Kármán spectral model captures realistic wind fluctuation statistics across a wide range of 
scales, suitable for high-fidelity simulation [11-12]. 
In aerospace dynamics, turbulence is treated as a stochastic disturbance with a defined Power 
Spectral Density (PSD). The von Kármán PSD expression includes the following terms for 
longitudinal (u), lateral (v), and vertical (w) gusts [15-17]. 

In this article, we examine: 
- The influence of convective meteorological phenomena on a civil aircraft at various 

flight levels and speeds. 
- The application of the von Kármán turbulence model in MATLAB to simulate gusts 

and turbulent environments. 
- The assessment of aircraft response (including acceleration, loads, control demands) 

across different flight regimes over the Pacific Ocean. 
The dynamics of aviation turbulence are described in several recent review studies. As an 
example, “Aviation Turbulence: Dynamics, Forecasting, and Response to Climate Change” 
reviews the role of vertical shear instabilities, convective processes, and mountain waves in 
generating atmospheric turbulence [18-19]. 
Convective phenomena – including thermals, cumulonimbus clouds, and towering cumulus – 
over oceanic regions can also generate turbulence, even under clear-air conditions, through 
mechanism such as gravity waves, and wind shear. While many studies focus on turbulence 
within atmospheric boundary layers, others investigate free-stream turbulence affecting aircraft 
during oceanic flights [18-19]. 
For example, the Activate programme observed turbulence in both cloud-topped and cloud-free 
boundary layers over the Atlantic Ocean. Although the Pacific Ocean exhibits different 
characteristics – such as thermal structures, jet-streams, convective zones, and tropical and 
equatorial dynamics – the general turbulence modelling approaches remain applicable [15-17]. 
One important caveat is that many existing studies focus on low-altitude turbulence within the 
atmospheric boundary layer or near ground-based obstacles. At high-altitude cruise conditions 
(FL300 and above) over oceanic regions, the turbulence environment is markedly different, 
being dominated by clear-air turbulence and shear layers. 
Consequently, turbulence model parameters – such as scale length and intensity – must be 
appropriately adapted [8-10]. 
Several simulation-based studies have applied stochastic turbulence models, including the von 
Kármán spectrum, to aircraft flight analysis. For example, “Simulation of aircraft flights with 
turbulence and icing conditions”, uses a von Kármán spectrum to simulate turbulence for flight 
simulation. 
Another study, “Estimation of Aircraft – Dependent Bumpiness Severity in Turbulent Flight”, 
uses the von Kármán model to generate time series and compute vertical acceleration severity. 
However, explicit empirical studies of civil aircraft over the Pacific Ocean under convective 
turbulence with full flight level/airspeed variation remain limited [5-7]. 
The present study fills this gap by combining computational modelling, simulation, and targeted 
flight scenarios. 
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Table 1 – The representative airspeeds used in this study 

Flight Level Speed (m/s) Turbulence Regime σ_w (m/s) L_w (m) 
FL300 230 Mild 0.5 60 
FL300 250 Moderate 1.0 100 
FL300 270 Strong 2.0 150 
FL350 230 Mild 0.5 60 

… … … … … 
FL390 270 Strong 2.0 150 

Over the Pacific Ocean, convective zones – e.g., near the ITCZ, tropical convection – or mid-
latitudes can generate turbulence at these altitudes [5-7]. Accordingly, this study considers a set 
of representative airspeeds (230 m/s, 250 m/s, and 270 m/s) and several flight levels (FL300, 
FL350, and FL390). 
At higher airspeed – e.g. 270 m/s – the effective temporal frequency of gust encounters is 
higher, because the aircraft samples shorter spatial scales faster, so for fixed scale length the 
amplitude of vertical acceleration may be higher [5-7]. 
At a higher flight level – FL390 – turbulence intensity may be lower – depending on the 
convective or clear-air environment. However, the proximity of shear and jet streams may offset 
this, resulting in non-linear behaviour [5-7]. 
In strong turbulence regimes, the aircraft may experience vertical acceleration peaks beyond 
typical comfort thresholds – e.g. >1.5 g – even though mean load remains near 1.0 g [5-7]. 
Sensitivity of results to turbulence scale length: larger yields slower varying gusts – longer 
wavelength – which may excite aircraft modes differently than short-scale gusts [5-7]. 
The Lorenz energy cycle represents atmospheric energy in terms of zonal-mean and eddy 
kinetic energy as well as available potential energy, corresponding to large-scale, small-scale, 
and potential energy components, respectively [1-2]: 
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Equations (3), (13), (14), (15), and (16) can therefore be reformulated in a simplified form [1-
2]: 
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Rate of change of total energy [1-2]: 
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This equilibrium is critical for ensuring stability and regulating the general dynamics of the 
atmospheric system: 

𝑅𝑅�𝐿𝐿 + 𝑅𝑅′𝐿𝐿 = −𝜀𝜀̅ − 𝜀𝜀′ (22) 
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Can be expressed as [3-4]: 
𝐷𝐷
𝐷𝐷𝐷𝐷

(𝑞𝑞𝑣𝑣) = 𝑃𝑃𝑣𝑣 (23) 

where: 
qv – the water vapour mixing ratio; 
𝑃𝑃𝑣𝑣 – the sum of all sources and sinks; 
𝜌𝜌𝑠𝑠(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) – the evolution of the surface pressure. 
The transformed continuity equation [3-4] is given in: 
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= 0 (24) 

Integrating (24) vertically and using 𝜎̇𝜎 = 0 and 𝜎𝜎 = 0 we obtain the result [3-4]: 
𝜕𝜕𝜕𝜕𝑆𝑆
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0
(𝑝𝑝𝑆𝑆𝑉𝑉)𝑑𝑑𝑑𝑑 (25) 

At leading order, the Taylor series can be approximated by [3-4]: 

𝑇𝑇(𝑅𝑅0 + 𝛿𝛿𝛿𝛿) = 𝑇𝑇(𝑅𝑅0) +
𝜕𝜕𝜕𝜕
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𝛿𝛿𝛿𝛿 (26) 

T – temperature; R – parameter; 𝑅𝑅0 – value for the unperturbed climate. 
The magnitude of this perturbation determines the system’s response in a directly proportional 
manner [3-4]: 

𝜕𝜕𝑇𝑇𝐿𝐿 =
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕�𝑅𝑅0

𝛿𝛿𝛿𝛿 = λ𝛿𝛿𝛿𝛿 (27) 

𝜆𝜆 – climate sensitivity parameter.  

𝛿𝛿𝛿𝛿𝐿𝐿 = 𝛿𝛿𝑇𝑇0 + 𝑓𝑓𝑓𝑓𝑓𝑓 (28) 

where f, the feedback factor, governs the amplification [3-4]. 
𝛼𝛼𝑖𝑖 – physical process 

𝛿𝛿𝛿𝛿𝐿𝐿 = λδ𝑅𝑅0 + λ�
𝜕𝜕𝜕𝜕
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In order to establish the equivalence between the prior result and equation (28), it is necessary 
to define the feedback factor [3-4]: 

𝑓𝑓𝐿𝐿 = λ�
𝜕𝜕𝜕𝜕
𝜕𝜕𝛼𝛼𝑖𝑖
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𝑖𝑖

 (30) 

Equation (28) can be solved for 𝛿𝛿𝛿𝛿 [3-4]: 

𝛿𝛿𝛿𝛿𝐿𝐿 =
𝛿𝛿𝑇𝑇0

1 − 𝑓𝑓
 (31) 

The model represents the sea surface temperature anomaly in the eastern Pacific, T, using the 
following governing equation [3-4]: 
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𝑑𝑑𝑑𝑑𝐿𝐿
𝑑𝑑𝑑𝑑

= 𝑏𝑏𝑏𝑏(𝑡𝑡) − 𝑐𝑐𝑐𝑐(𝑡𝑡 − 𝜏𝜏) (32) 

b, c – positive constants; 𝜏𝜏 – time delay.  
The study explores the relationships and mechanisms governing synoptic-scale tropical 
motions and their interactions with convective activity [3-4]. 

�
𝜕𝜕
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𝐿𝐿
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𝜕𝜕𝜕𝜕 𝜕𝜕𝑧𝑧∗𝐿𝐿⁄ = 𝑅𝑅𝑅𝑅 𝐻𝐻⁄  (34) 

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ + 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ + 𝜕𝜕𝑤𝑤∗
𝐿𝐿 𝜕𝜕𝑧𝑧∗𝐿𝐿⁄ − 𝑤𝑤∗

𝐿𝐿 𝐻𝐻⁄ = 0 (35) 

�
𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑉𝑉 ∙ ∇�𝑇𝑇 + 𝑤𝑤∗
𝐿𝐿𝑁𝑁2𝐻𝐻 𝑅𝑅⁄ =

𝐽𝐽
𝑐𝑐𝑝𝑝

 (36) 

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ + 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ ≤ 𝑈𝑈 𝐿𝐿⁄  (37) 
For length scales comparable to the density scale height H, the analysis becomes [3-4]: 

𝜕𝜕𝑤𝑤∗
𝐿𝐿 𝜕𝜕𝑧𝑧∗⁄ − 𝑤𝑤∗

𝐿𝐿 𝐻𝐻⁄ ~𝑊𝑊 𝐻𝐻⁄  (38) 

Forces that dominate and regulate atmospheric motion across different scales [3-4]: 

(𝑉𝑉 ∙ ∇)𝑉𝑉~𝑈𝑈2 𝐿𝐿⁄  (39) 

|𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ | |(𝑉𝑉 ∙ ∇)V|⁄ ~1 (40) 

|𝑤𝑤∗
𝐿𝐿𝜕𝜕𝜕𝜕 𝜕𝜕𝑧𝑧∗𝐿𝐿⁄ | |(𝑉𝑉 ∙ ∇)V|⁄ ~𝑊𝑊𝑊𝑊 𝑈𝑈𝑈𝑈⁄ ≤ 1 (41) 

|𝑓𝑓𝑓𝑓 × 𝑉𝑉| |(𝑉𝑉 ∙ ∇)V|⁄ ~𝑓𝑓𝑓𝑓 𝑈𝑈 = 𝑅𝑅0−1⁄ ≤ 1 (42) 

|∇𝛷𝛷| |(𝑉𝑉 ∙ ∇)V|⁄ ~𝛿𝛿𝛿𝛿 𝑈𝑈⁄ 2 (43) 

𝑤𝑤∗
𝐿𝐿(𝑁𝑁2𝐻𝐻 𝑅𝑅⁄ ) = 𝐽𝐽/𝑐𝑐𝑝𝑝 (44) 

J – the radiative flux; 𝑐𝑐𝑝𝑝 – the specific heat capacity at constant pressure. 
For the tropical troposphere [1-4]: 

𝑁𝑁2𝐾𝐾 𝑅𝑅⁄ ~3𝐾𝐾𝑘𝑘𝑘𝑘−1 (45) 

Vertical motion scale satisfies the following relations [3-4]: 

𝑊𝑊~0.3 𝑐𝑐𝑐𝑐 𝑠𝑠−1 (46) 

𝑊𝑊𝑊𝑊 𝑈𝑈𝑈𝑈⁄ ~0.03 (47) 

3. THEORETICAL FRAMEWORK, NUMERICAL SIMULATIONS AND 
CONCLUSIONS 

We interpret results in the context of aircraft operations over the Pacific Ocean. Key 
observations include: 

- Over oceanic convective zones, upward motion and turbulence may be stronger at lower 
altitudes, but at cruise altitudes, residual convection and jet-stream induced clear-air 
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turbulence dominate. The von Kármán model is a generic representation; actual 
turbulence associated with convective phenomena may deviate from there assumptions, 
being non-stationary, anisotropic, and intermittent. 

- The von Kármán model assumes stationary, isotropic turbulence, whereas convective 
turbulence may contain coherent structures (plumes, thermals) that violate these 
assumptions. Therefore, the simulation results should be interpreted with caution. 

- The simulation illustrates how speed and altitude interact with turbulence scale length 
and intensity to influence aircraft responses. For route planning, flying at lower speed – 
within the safe operational envelope – may reduce gust encounter frequency and 
potentially lower peak loads. 

This study investigates the response of a commercial airliner cruising at high altitude over the 
Pacific Ocean through a region of intense convective activity, which results in strong 
turbulence. A stochastic gust field is generated using the von Kármán spectral model for 
continuous gusts. The aircraft dynamics are simulated in MATLAB to evaluate acceleration, 
load factor, structural bending moments, and trajectory perturbations. Key results include time 
series of gust wind components, power spectral densities, aircraft responses – including vertical 
acceleration and roll/pitch rates – and statistical metrics of bumpiness/severity. These results 
highlight the importance of accurate turbulence modelling in ensuring aircraft safety and 
assessing structural fatigue. 

 
Fig. 1 Time-series of vertical gust velocity 

- We similarly generate lateral and longitudinal gust components and compute their 
PSDs.  

- The gusts generated above enter the aircraft dynamic equations through additive 
wind-velocity components in the body axes.  

- We compute vertical acceleration, load factor – nz – roll and pitch rates due to the gusts, 
and structural bending moments at wing root. 
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- The simulation uses a linearized flight dynamics model with added gust input. 
- We next compute the load factor – nz – wing-root bending moment based on 

acceleration and mass distribution. 
- We also compute roll and pitch rate responses assuming lateral gust and attack-angle 

perturbation. 

 
Fig. 2 PSD of vertical gust with von Kármán mathematical model 

 
Fig. 3 Vertical acceleration response to gust 
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Fig. 4 Time-series of load factor 

 
Fig. 5 Time-series of wing bending moment 



Gabriela-Liliana STROE, Renata SEPTICHITA, Valentin SOARE, Adrian BURGHIU 134 
 

INCAS BULLETIN, Volume 18, Issue 1/ 2026 

 
Fig. 6 Vertical gust – convective scenario 

 
Fig. 7 Time-series of vertical gust velocity 
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Fig. 8 PSD of vertical gust with von Kármán model 

 
Fig. 9 Vertical acceleration response to gust 
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Fig. 10 Time-series of load factor 

 
Fig. 11 Time-series of wing bending moment 
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Fig. 12 Vertical gust – convective scenario 

This study investigates the response of a commercial airliner cruising at high altitude over the 
Pacific Ocean through a region of intense convective activity, which results in strong 
turbulence. A stochastic gust field is generated using the von Kármán spectral model for 
continuous gusts, and the aircraft dynamics are simulated in MATLAB to evaluate 
acceleration, load factors, structural bending moments, and trajectory perturbations. Key 
results include time-series of gust wind components, power spectral densities, aircraft 
responses – including vertical acceleration and roll/pitch rates – and statistical metrics of 
bumpiness/severity. These results highlight the importance of accurate turbulence modelling 
for aircraft safety and structural fatigue assessment. 
We assume that the aircraft is cruising at FL350 over the Pacific Ocean when it encounters a 
convective thunderstorm cell generating strong vertical motions, including updrafts, 
downdrafts, and enhanced turbulence. While detailed synoptic data are not available for this 
specific flight, convective turbulence adjacent to deep convective clouds has been 
documented. 
In such an environment, turbulence intensities (σ) and length scales (L) may increase 
significantly. We adjust our gust model accordingly: σw = 4 m/s, Lw = 100 m for vertical 
component; σᵥ = 5 m/s, Lᵥ = 120 m for lateral component. We re-run the simulations, generate 
time-series and spectra and compare to the baseline case. 
This study demonstrates how the von Kármán turbulence model can be used to simulate 
turbulence encounters for a civil aircraft over oceanic regions, how flight level and speed 
influence turbulence encounters and aircraft responses, and how it can provide a methodology 
for further investigation.  
Key findings: 
- Higher flight speed increases gust encounter frequency and may exacerbate aircraft 
responses. 
- Turbulence intensity and scale length play major roles in determining response magnitude. 
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- Model assumptions must be treated carefully when applying to convective and oceanic 
environments. 
Future work: 
- Incorporate real meteorological datasets – e.g., from oceanic convective zones. 
- Couple aircraft control/structural/elastic dynamics. 
- Perform Monte Carlo simulations. 
- Include in-flight measurement validation, if available. 
- Extend the methodology to route planning or operational optimization. 
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