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Abstract.  This paper investigates the power spectral density (PSD) of wind gusts by utilizing data from Low Earth 
Orbit (LEO) satellites. The wind gust represents one of the most unpredictable phenomena; indeed, its transient 
nature presents significant challenges in the aircraft design. Aircraft structural components are designed to deal with 
fatigue loads generated by the turbulent movement of the air, which, due to the ongoing changes of climate, may 
increase more and more and affect the safety of the aircraft. The effects of gusts on the structural integrity are 
typically evaluated through power spectral analysis, which provides a realistic representation of the air movement. 
The potential impact of climate change on gust spectra urges to incorporate recent data, and satellites are a valuable 
resource for this purpose. The analysis is divided into two parts: the first combines power spectral analysis with LEO 
satellite data to assess PSD of vertical wind gust based on von Kármán model (PSDvk); the second compares the 
PSDvk with the PSD assessed via a model, named “agnostic” (PSDa), which does not rely on a pre-defined 
equation. The results, focusing on a part of the transatlantic route, show that the proposed approach allows to reveal 
annual and seasonal fluctuations in gust patterns. The comparison between PSDvk and PSDa reveals that some 
differences may occur at high frequencies. These findings highlight the potential of satellite technology to monitor 
climate change’s effects and establish a foundation for further research in this critical area. 
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1. Introduction 
 

Reliability and safety are an indispensable duo in aeronautics, enabling aircraft to fly while 

minimising the risk of accidents. Human factors (e.g., situational awareness, errors in procedures) 

(Kharoufah et al. 2018), and structural component failures (Findlay et al. 2002) are some of the 

causes of aircraft accidents. Human factors and structural component failures are also influenced 

by adverse weather conditions. In fact, extreme weather events (e.g., gusts of high intensity), may 

increase the amount of human factors errors and generate high loads for the aircraft structural 

components, potentially affecting passenger safety (Sharman 2016). These aspects are of crucial 

importance since i) aviation is expanding rapidly (Graver et al. 2019), ii) due to climate change  
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Fig. 1 V-𝑛𝑧 diagram. Image taken from Gudmundsson (2014) 

 

 

adverse and extreme weather phenomena are becoming more and more frequent (NASA). The 

increase in the number of flights, which is expected to grow, together with the potential worsening 

of weather conditions, could lead to an increase in air accidents. In order to ensure high safety 

standards for aircraft whose entry into service is in the next few years, and which could also like 

rely on new propulsion technologies such as the hybrid-electric (Abu Salem et al. 2023, Figueroa 

et al. 2024) and hydrogen (Bagarello et al. 2024), it should be convenient to examine current 

design procedures and maintenance aspects.  

Regarding the design of structural components, the use of the flight envelope is well known in 

the aviation world. It concerns the combination of manoeuvre and gust loads; in fact, it is given by 

the envelope of two specific diagrams, the manoeuvre diagram and the gust envelope. Both 

diagrams depend on the design characteristics of the aircraft (e.g., wing surface), and the gust 

envelope also depends on the gust intensity, established according to current certification 

standards. From the flight envelope it is therefore possible to define the combinations of speed V 

and vertical load factor 𝑛𝑧  that must be considered for the structural verification to which the 

aircraft must be subjected, and for which a specific safety factor must be guaranteed. The shape of 

the gust diagram therefore depends on both the design parameters of the aircraft and the gust 

intensity established according to the regulations (Lomax 1996, Gudmundsson 2014) and FAR 

25), an example of a V-𝑛𝑧 diagram is shown in Fig. 1. 

From the aforementioned description, it is clear that aircraft design concerns not only the 

aircraft itself but also the surrounding environment, i.e., the air. To ensure adequate safety levels, it 

is therefore necessary to develop models that are as close as possible to the actual behaviour of the 

aircraft, atmospheric air movements and their mutual interaction (Yuan et al. 2024, Gu et al. 2024, 

Mehmood et al. 2023, Jiang et al. 2023, Jones et al. 2022, Jones et al. 2021, Balatti et al. 2021, 

Lee et al. 2013, Morelli et al. 2012). In this sense, aviation regulations have evolved over time to 

take this interaction into account more and more accurately (Lomax 1996, Flomenhoft 2012, 

Hoblit 1988). The earliest regulations considered a gust to be ‘discrete’; this nomenclature derives 

from the fact that the gust is modelled as an isolated event encountering the aircraft. The shape of 

the gust has evolved over time from the step shape to the one minus cosine shape; in addition, a 

reduction factor of 𝑛𝑧 has been incorporated to account for both the gust-aircraft interaction and 

the dependence on aircraft design parameters such as wing loading. The use of a discrete gust is 

not representative of an actual gust, which is irregular in the time domain, i.e., it has no repeating 

patterns; therefore, regulations have been evolved identifying a mathematical model which 
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represents the gust as a continuous non-periodic function. This model, called turbulent gust, 

defines the gust in the frequency domain and allows for a more accurate and representative model 

of the actual behaviour of the gust. This type of approach has a twofold purpose, on the one hand 

to be able to model and characterise gust shapes that cannot be represented by the discrete model 

(e.g., gusts that have a very short and intense temporal or spatial duration) and on the other hand to 

use frequency domain analysis techniques to characterise the gust (Hoblit 1988, Hajjem et al. 

2023, Press et al. 1954). To use this type of approach, the temporal profile of the gust is idealized 

as a stationary Gaussian random process Hoblit (1988). The use of these models is currently used 

in various aspects of aircraft design, in evaluating the dynamic response of the aircraft to gusts, in 

assessing the loads acting on the aircraft due to the interaction with turbulent air motions, and in 

the static and fatigue sizing of structural components that are subjected to these loads. In this 

regard, load-alleviation techniques are currently being studied to reduce the aerodynamic loads 

acting on the aircraft structure, especially under challenging conditions like gusts, turbulence, or 

maneuvering (Regan et al. 2012, Toffol et al. 2023, He et al. 2021, De Gaspari et al. 2016, He et 

al. 2023, Handojo 2022). These loads can significantly impact aircraft structural mass; to mitigate 

this detrimental effect, load alleviation systems aim to optimize aircraft response in real-time by 

adjusting control surfaces (such as ailerons, flaps, and spoilers) or through more advanced control 

systems like active load alleviation. Comprehensive reviews regarding the gust modelling and the 

effect of climate change, the gust-aircraft interaction and the loads generated due to their mutual 

interaction are reported in (Wu et al. 2019, Storer et al. 2019b).  

As stated before, gust generates a random load which affects aircraft structure that has to be 

designed to deal with the phenomenon named fatigue. Fatigue refers to the progressive and 

localized structural damage that occurs when a material is subjected to cyclic loading (Tavares et 

al. 2017, Filippi et al. 2023). Wind gusts contribute to this cyclic loading by introducing variable 

stress patterns, indeed repeated exposure to gust-induced loads can initiate and propagate cracks in 

structural components, ultimately leading to material fatigue. This growth of cracks is addressed 

during the maintenance phase of the aircraft using a damage tolerance approach, which relies on 

historical data collected and modelled based on transatlantic route gusts (Wu et al. 2019, Jones 

2014) In the 1930s, detecting and modeling gusts required organizing special flight campaigns, 

selecting specific routes, and flying a fleet of aircraft to collect the necessary data (Wu et al. 

(2019)). This process often involved substantial financial outlays and extended timeframes, with 

data typically limited to specific geographic areas. The influence of climate change on gust 

patterns necessitates implementing more comprehensive and adaptive strategies for understanding 

and mitigating their effects on aircraft design and operation. Satellites with various sensors and 

instruments offer a comprehensive dataset that could revolutionize the detection of hazard event 

such as clear air turbulence, wind shear hurricanes and thunderstorms. Advanced predictive 

models that employ real-time observations of temperature, humidity and wind velocity can predict 

turbulence-prone zones (Storer et al. 2019a, Lee et al. 2023, Kaplan et al. 2006). Real-time 

monitoring through satellites, such as RainCube and TEMPEST-D, significantly enhances aviation 

hazard detection (Radhakrishnan et al. 2022). These technologies, exemplified by METEOSAT, a 

series of seven meteorological geostationary satellites operated by EUMETSAT, play a crucial 

role in predicting convective initiation and identifying clear air turbulence (Nerushev et al. 2022). 

In this context, this article aims at exploiting satellite technology to detect and analyze wind gust 

data, and leveraging on power spectral analysis techniques to assess wind gust power spectral 

density. This work is organized as follows: Section 2 delves into the possibilities of utilizing 

satellite data to detect variations in wind gusts; Section 3 elucidates the methodology employed to  
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Fig. 2 Satellite projection onto the Earth’s surface over a 24-hour period. Image adapted from (ESA) 

 

 

analyze the satellite data; Section 4 presents findings, specifically examining gusts across different 

periods of the year, and in different years; Section 5 discusses the limitations of the approach; and 

finally, Section 6 offers insightful reflections and conclusions. 

 

 

2. Satellite technology to forecast gust 
 

The rise of satellite technologies has revolutionized the approach to wind gust detection. The 

ability to access a vast quantity of data relatively quickly and achieve near-global coverage, 

primarily through low-earth orbit (LEO) satellites, is a significant advantage. This technology also 

allows for data collection at different altitudes with a single measurement, a capability that was 

previously unattainable. Moreover, satellites can now carry multiple payloads, enabling the 

collection of diverse data during a single observation period. These missions extend beyond 

climate monitoring, showcasing the versatility of satellite technology. Furthermore, the rapid data 

exchange between satellites and ground stations facilitates real-time monitoring of weather 

conditions (Crisp et al. 2020, Wangì et al. 2023). This article showcases the potential of LEO 

satellite systems, using data from Aeolus satellites, in estimating wind power spectral density.  

 

2.1 Aeolus data  
 

The European Space Agency’s Earth Explorer, Aeolus, commenced its mission on August 22, 

2018, marking a significant milestone in satellite-based observation. This satellite provides global 

insights into wind profiles from the Earth’s surface to an altitude of 30 km. Aeolus employs the 

active Doppler Wind Lidars (DWL) method, which enables precise wind speed and direction 

measurements. The DWL provides indispensable data on wind profiles, offering valuable details 

on cloud top heights and the vertical distribution of thin clouds and aerosols (Reitebuch et al. 

2009, Witschas et al. 2020). Aeolus orbits at an altitude of 320 km along a nearly polar trajectory, 

affording nearly global coverage, albeit not continuous monitoring of every region. Satellites in 

LEO, orbiting at that altitude, travel at a fixed velocity of approximately 8 km/s, completing one 

full orbit around the Earth in approximately 90 minutes. Due to the Earth's rotation, during the 

time it takes for the satellite to complete one orbit, the planet will have shifted by approximately 

23°. Consequently, over 24 hours—the time it takes for the Earth to complete one full rotation—

the satellite will have completed around 16 orbits, ensuring nearly global coverage. Therefore, as 

depicted in Fig. 2, the continuous shift in position prevents Aeolus from providing continuous  
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Fig. 3 Representation of the vertical wind gust collected by the satellite at various altitudes along its orbit. 

Each measurement interval has a height of 1 km, and a width of about 11 s. Image adapted from (ESA) 

 

 

Fig. 4 Workflow adopted in the proposed methodology 

 

coverage over a fixed location, such as the transatlantic route. 

As said before, satellite technology enables data acquisition at various altitudes, assessing wind 

gust variation with altitude and specifying wing direction. As an example, Fig. 3 represents the 

data about vertical wing gust extracted from Aeolus data on a specific area on USA, and varying 

altitude from 0 to 17 km. Aeolus conducts measurements every about 11 seconds and scans a 

range of 30 km with 1 km intervals, as depicted in the graph in Fig. 3. The vast amount of data 

available and the ability to analyze data at any altitude and geographic location offer numerous 

opportunities for leveraging these datasets. Although the Aeolus mission spanned only four years, 

from 2019 to 2022, limiting the examination of gust evolution over time, these data represent a 

fundamental starting point. Analyzing these datasets has the potential to impact aircraft structural 

integrity and performance significantly. Indeed, these datasets can be instrumental in deriving 

aircraft load diagrams and guiding regulatory updates. Additionally, their global coverage, 

including previously inaccessible routes and altitudes, allows for optimizing aircraft mission 

trajectories to mitigate the detrimental effects of gusts on performance and support predictive 

maintenance strategies.  

 

 

3. Methodology 
 

This section outlines the methodology used to analyze the Aeolus data; specifically, the  
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Fig. 5 Data extracted (right image) from ESA platforms VirES in an area (rectangle of left image) of the 

transatlantic flight route 

 

 

methodology follows the workflow depicted in Fig. 4. To initialize the procedure, the user has to 

select a specific area and time horizon in order to extract data from the ESA platform VirES; then 

the data can be extracted and managed via software such as MATLAB or Python. Finally, the 

power spectral analyses techniques are employed to assess the power spectral density of the wind 

gust signal.  

The satellite data available on the online ESA platforms VirES were downloaded and analyzed 

using MATLAB. The VirES platform enables users to select data, define areas of interest, and 

apply filters to clean the dataset (e.g., by selecting wind direction and altitude). The satellite 

operates in LEO, so once the area is selected, as the rectangle depicted in Fig. 1-left, wind 

direction and altitude of that specific area have to be selected. It is worth noting that, as explained 

in the previous section, the satellite observes the entire earth surface and continuous time 

observation of the selected area is not possible. The satellite only passes over the selected area 

twice a day, so the data are available only for a short amount of time. In case the data are not 

available, the signal is imposed equal to zero (zero padding), as reported in the example of Fig. 5. 

A Discrete Fourier Transform (DFT) technique was applied to the time domain signal to 

comprehensively analyze its frequency content. This mathematical technique allows to assess its 

main frequency components, which are calculated according to Eq. (1). 

Xk= ∑ x[n]e
-i2π

k
N

n

N-1

n=0

 (1) 

x[n] represents the value of the n-th component of the signal x(t) in the time domain evaluated 

at the time nT, where T is the sample time of the signal, N denotes the total number of samples of 

the signal (or the length of the signal). The term e
-i2π

k

N
n
 corresponds to a complex sinusoid at 

frequency f
k
=k/N, k ∈ [0,N-1], and Xk represents the associated complex number of the signal in 

the frequency domain. Eq. (1) gives information about signal’s magnitude and phase spectrum in 

the frequency domain. Specifically, the amplitude spectrum provides information about the 

intensity of different frequency components in a signal, so allow us to assess how much of each 

frequency component is contained in the time domain signal. The phase spectrum provides 

information about the timing and alignment of the frequency components, indicating how the 

sinusoidal components are shifted in time with respect to the sinusoidal signal which has the same 

frequency and null phase. Amplitude and phase are relevant for the signal analysis; in particular, 

the amplitude spectrum gives us an idea about the energy content of each signal component. This  
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Fig. 6 PSD of vertical wind velocity signal 

 

 

aspect is well represented by the power spectral density (PSD) which is a measure of a signal's 

power content versus frequency. It shows how the power of a signal is distributed across different 

frequencies, providing insights into the signal's frequency components. While the amplitude and 

phase spectra provide detailed information about the individual frequency components, the PSD 

focuses on the power distribution and gives information about the frequencies which contain the 

highest energy content of the signal. The PSD is related to the amplitude of the signal in the 

frequency domain and is proportional to the square of the amplitude of the signal's Fourier 

Transform whereas the phase spectrum does not directly influence the PSD. The PSD has been 

evaluated using the Eq. (2) 

PSD(f
k
)=

1

N
|Xk|2 (2) 

The result of the application of the power spectral analysis technique is reported in Fig. 6, and 

show that the signal noise is relevant. In order to assess the actual shape of the PSD, Two different 

methodologies have been chosen to fit the data: the first one which is based on the von Kármán 

equation, described in Section 0, and the second one, based on an “agnostic” approach, which does 

not rely on a specific pre-defined equation as explained in Section 0. 

 

3.1 Von Kármán based approach  
 

One of the classical mathematical models to represent the vertical wind gust PSD is the von 

Kármán model (Hoblit 1988), reported in Eq. (3). 

PSDvk(f)=
σ2L

πV

1+
8
3

(1.339×
2πL
V

f)
2

[1+ (1.339×
2πL
V

f)
2

]

11/6
 (3) 

where σ represents the root mean square of the wind vertical speed, L stands for the scale of 

turbulence and V is the true air speed. The von Kármán model is calibrated using two key  

31



 

 

 

 

 

 

Erasmo Carrera, Alfonso Pagani, Marianna Valente and Giuseppe Palaia 

 

Fig. 7 PSD and PSD
vk
 of vertical wind velocity signal 

 

 

parameters: L and σ. The parameter L represents the frequency at which the slope of Eq. (3) 

increases and indicates how gust properties vary in space, it is influenced by factors such as 

altitude, the parameter σ represents the turbulence intensity, which is affected by average wind 

speed and altitude (Hajjem et al. 2023). The parameters L and σ are calculated via a nonlinear least 

mean square problem in order to find the PSD curve which best fits data extracted from the ESA 

platform VirES. An example of this approach is illustrated in Fig. 7 which shows PSD and the 

PSDvk  of vertical wind velocity signal observed in September 2019. The area of observation 

spanned from 50 to 55 North latitude and from 33 to 43 West longitude and the altitude selected 

ranged from 9900 to 10900 m. The R2 of PSDvk is equal to 0.11. 

 
3.2 The “agnostic” approach 

 

The approach described in Section 3.1 is based on the Von Kármán equation which is 

extensively used in current literature. The Von Kármán equation has been formulated in the first 

half of the 19th century by using actual data of gust measurements related to that period. Even 

though the approach is currently adopted also in the aeronautical industry to size structural aircraft 

components, it is worth noting that due to current changes in the climate behaviour hazard 

phenomena are more common than in the past (Storer et al. 2019b), so a different approach could 

be adopted in order to capture gust phenomena which in the first half of the 19th century might 

occur sporadically. To do so, the approach proposed in this section, which has been named 

“agnostic” since it does not depend on a specific pre-defined equation, is intended to find the best-

fit curve of the satellite data without the use of a specific pre-defined equation. As first step a 

polygonal chain is identified, then an optimization procedure is carried out in order to assess the 

best-fit curve. The polygonal chain is identified through the following key steps:  

1. a set of n points, equally spaced on a logarithmic frequency scale are defined; 

2. for each point is calculated a specific frequency f
n
 and a corresponding value on y-axis y

n
 is 

assigned; 

3. the polygonal chain is defined by the union of n-1 segments that connect the n points, each 

segment connects two consecutive points. 
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Fig. 8 An example of polygonal chain with n=11 

 

 

The error ek between the polygonal chain and the PSD is defined according to Eq. (7), where y
k
 

represents the value of the polygonal chain at the k-th frequency f
k
. An example of the polygonal 

chain in case of n=11 is depicted in Fig. 8.    

ek=y
k
 - PSD(f

k
) (7) 

Once the polygonal chain is defined, an optimization problem is carried out according to Eq. 

(8) 

{
min

∑ ek
2(y

n
)N-1

k=0

∑ (PSD(f
k
)-

1
N

∑ PSD (f
j
)N-1

j=0 )N-1
k=0

y
min

 ≤ y
n
 ≤ y

max

 (8) 

The objective function selected for the optimization problem is the complement of R2 to one. 

The design variables are the y coordinates y
n
 of the n points, which belongs to the polygonal chain, 

whose upper bound y
max

 and lower bound y
min

 are equal to 10−2 (𝑚/𝑠)2/𝐻𝑧 and 10−12 (𝑚/𝑠)2/

𝐻𝑧, respectively. The optimization problem employs gradient-based algorithms combined with a 

multi-start approach to find a solution close to the global minimum. It is worth noting that 

optimization problem allows to find a polygonal chain which best fits the data; therefore, it allows 

to find the best-fit curve of the PSD. The shape of this curve depends on the number of points n, 

and this aspect is discussed in Section 0. 

 

 

4. Results 
 

This section presents the results obtained through the methodology described in Section 0. 

Satellite data were employed to investigate several observation windows and conduct comparative 

analyses. Specifically, the following parametric analyses have been carried out: 

• seasonal variation: one month is selected for each season within a specific year to observe 

seasonal changes. 

• annual variation: to assess annual variations, the same month is examined over four years, 

from 2019 to 2022. 
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Fig. 9 PSDvk from 2019 to 2022 for different months: May (top-left), July (top-right), September (bottom-

left) and December (bottom-right) 

 

 

The cases examined focus on a segment of the transatlantic route, ranging from 56 to 51 

degrees North latitude and from 33 to 43 degrees West longitude (see Fig. 3), and the altitude 

selected ranged from 9.9 to 10.9 km. These aspects are discussed in Section 0 related to the Von 

Kármán based approach and Section 0 is related to the “agnostic” approach.  

 

4.1 Analysis of satellite data via von Kármán based approach 
 

This section focuses on the analysis of satellite data via the von Kármán based approach, the 

outcomes of annual variations are depicted in Fig. 9. The analysis of the data representing the 

spring season reveals a consistent pattern with no discernible variations over the observed years. In 

contrast, a variation of the PSDvk in wind gusts is observed from 2019 to 2022 in July, specifically 

there is a progressive increase in energy at medium-low frequencies. The 2022 curve is the highest 

one, whereas the 2019 curve is the lowest one. This suggests that, over time, there has been an 

increase in energy density in the signal, potentially reflecting changes in operational or 

environmental conditions. This result is not highlighted for September and December, where an 

opposite trend occurs. A significant month was selected for each season in each year to observe 

seasonal variations, and the results are presented in Fig. 10. As in the previous analyses, a variety 

of trends emerge across the years. Across all four years under consideration, the spring season 

consistently exhibited the lowest gust intensities, followed by summer. Conversely, periods of 

more intense gusts correspond with the colder months, except in 2022, which showed a notable  
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Fig. 10 PSDvk in 2019 (top-left), 2020 (top-right), 2021 (bottom-left) and 2022 (bottom-right) for annual 

seasons 

 

   

Fig. 11 R2 vs number of iterations (left) and PSDa vs frequency (right) of two different cases representative 

of the beginning of the optimization process (point A) and the end of the optimization process (point B) 

 

 

increase in gust intensity during summer. The above observations may provide valuable insights 

from the aeronautical perspective; however, it is essential to note that making predictions based 

solely on these trends is a not trivial task due to the limited observation period. Nevertheless, they 

serve as a starting point for subsequent analyses and comparisons with data from other satellites 

and historical gust records. 
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Fig. 12 R2 vs n for four cases (left) and PSDa vs frequency (right) for May 2022 varying n 

 

 

4.2 Analysis of satellite data via “agnostic” approach 
 

This section focuses on the analysis of satellite data via the “agnostic” based approach. Fig. 11  

shows how the optimization framework works; specifically, Fig. 11-left depicts how R2 changes 

during the convergence process and how many iterations are needed to maximize R2 in case of 

n=20 points. Fig. 11-right depicts two different polygonal chain curve, one (labelled A) related to 

the beginning of the optimization process, and the other (labelled B), related to the end of the 

optimization process. The results show how the shape of the polygonal chain changes allowing to 

achieve a best-fit curve at the end of the optimization process. 

As already mentioned in Section 0, the “agnostic” approach allows to find the best-fit curve; 

however, the shape of the best-fit curve depends on the number of points n. To assess the effect of 

this parameter, several analyses have been carried out varying n from 4 to 30. The results are 

depicted in Fig. 12; Fig. 12-left shows how R2 changes varying the number of points n for four 

different time frames: spring 2022, summer 2021, autumn 2020 and winter 2019. The data 

highlight that to higher values of n correspond higher values of R2 in all the examined cases; this 

result is expected since higher values of n allows to represent more complex shapes of the 

polygonal chain which can represent, in a more rigorous way, the satellite data. Furthermore, if n 

is higher than 15 the curve reaches a plateau, this means that further increases of this parameters 

does not introduce any benefits in terms of increase of R2. Fig. 12-right shows the shape of the 

polygonal chains varying the parameter n for the case of spring 2022. Another interesting aspect is 

related to the value of R2 obtained by each curve (for n>15). Notably, the spring 2022 dataset 

yields the highest R2 value compared to the others. This variability in R2  is influenced by the level 

of noise present in the PSD, which tends to lower the R2 values. 

To assess if the “agnostic” approach produces a different shape of the PSD, hereafter named 

PSDa, with respect to the PSDvk, two different cases have been considered, namely winter 2019 

and summer 2022, depicted in Fig. 13-left and Fig. 13-right, respectively. In both cases the results 

show a similar response for low frequency values (up to 10-3 Hz) whereas some differences occur 

at higher frequency values. In addition, the R² values are comparable but slightly higher for the 

PSDa, indeed, for summer 2022, R² is 0.106 for the PSDvk and 0.109 for the PSDa. Similarly, for 

winter 2019 the R² for the PSDvk is 0.212, while for the agnostic approach is 0.219. This  
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Fig. 13 PSDa vs PSDvk  for winter 2019 (left) and summer 2022 (right) 

 

    

Fig. 14 PSDvk for all seasons of 2019 (left) and 2022 (right) 

 

 

discrepancy can be attributed to the different behaviour observed at higher frequencies. Indeed, the 

slope of the best-fit curve is similar for both approaches around 10-2  Hz, but it changes for 

frequency values close to 4×10-2 Hz. A variation in the slope of the PSD at high frequencies may 

impact the structural sizing of aeronautical structures, specifically: 

• Dynamic response and vibrational loads: a steeper PSD slope at high frequencies indicates 

lower energy content at those frequencies, whereas the opposite occurs in case of a flatter 

slope. A flatter slope affects the response of structural components to high-frequency 

vibrational loads, as high-frequency vibration modes could be more easily excited, generating 

localized stresses and material fatigue. 

• Fatigue and cumulative damage: high frequencies are typically associated with short-term 

fatigue phenomena and rapid accumulation of microscopic damage. If the PSD exhibits a flatter 

slope (thus more energy), higher-intensity cyclic loading at these frequencies can accelerate 

fatigue phenomena, particularly in lightweight components, which are typically present in 

aeronautical structures. 

• Design criteria: a flatter PSD slope at high frequencies implies a potential increase in energy 

density at those frequencies, necessitating reinforcements or materials with high fracture 

resistance. Structures exposed to such loads may require specific mitigation measures, such as 

advanced materials or geometries that reduce sensitivity to crack propagation. 
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Fig. 14 shows the PSDa for the year 2019 and 2022.  

 

 

5. Discussion 
 

The analysis of wing gust spectra via satellite data demonstrates significant potential for 

detecting and analyzing wind gusts. The proposed approach allows to handle the satellite data in 

order to monitor wind gust and detect potential changes due to the continuous environmental 

changes. However, several limitations to this approach must be considered. The Aeolus satellite 

operates in LEO, which means it does not provide continuous coverage of any single area; 

therefore, the data related to a specific area are not always available as the satellite only passes 

over an area twice a day. Consequently, the time signal data must be completed by inserting zeros 

when the satellite does not cover the region of interest, potentially introducing inaccuracies and 

increasing noise signal. Even though this aspect represents a drawback, it is at the same time a key 

point of the LEO satellite, since it allows to cover the entire earth map and to assess PSD of 

different regions all over the world. Indeed, historical data have been gathered via numerous 

flights along the transatlantic route, whereas LEO satellite can overcome this limitation due to its 

peculiar characteristics of mapping the entire world. Another drawback is the limited quantity of 

data which is available since the advent of LEO satellites is recent. This aspect limits the 

investigation and the assessment of potential effects of climate change on the PSD of wind gust 

since the observation time is limited to a short time window with respect to the typical temporal 

scales observed in the climate change. Although there are limitations associated with the use of 

data from LEO satellites, this study demonstrates the integration of the power spectral analysis 

techniques, commonly used to evaluate the PSD of time signals, with satellite-derived data to 

initialize the discussion regarding a critical question in the structural sizing of aircraft components: 

is it reasonable, given the ongoing changes in climate, to base the PSD of gust loads on data 

collected nearly a century ago? The authors propose a preliminary methodology leveraging on 

satellite observations; in this regard the authors acknowledge that it represents only a starting point 

for more comprehensive and detailed investigations. 

Despite these limitations, integrating satellite technology in the analysis of wind gusts 

represents a significant advancement in aviation safety and efficiency. In the aeronautical context, 

where reliability and longevity are paramount, understanding PSD characteristics is essential for 

determining component lifespan and developing predictive monitoring and maintenance strategies. 

Regarding the aircraft design process, the stress level induced by the wind gust is directly 

proportional to the gust intensity (a vertical gust increases the aircraft angle of attack, so the lift 

generated by the wings and the bending moment at the root section of the wings). This simple 

relation can be traduced in the following statement, “the stronger the gust the higher the stress 

levels in the wing structural material”, which suggests that new materials with high strength-to-

weight ratio property are to be used. In this regard, composite material may be a solution, but it 

introduces some complexity regarding the manufacturing process. Indeed, when dealing with the 

manufacturing of composite materials, several defects such as gaps, overlaps, tow kinking and 

fibre misalignments can occur and jeopardize the actual strength of the final structural component. 

To deal with this problem, techniques such as Automated Fibre Placement (AFP) and Tow Laying 

(ATL) are currently investigated (Heinecke et al. 2019). Furthermore, the development of 

computational models which can take into account how the defects can affect the structural 

components properties are essential (Pagani et al. 2021, Pagani et al. 2023). Another important 
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aspect is the long-time effect of several intense gusts on the defects propagations, both in metal 

and composite material. In fact, potential increase in PSD suggests that aeronautical structures may 

be subjected to greater cyclic stresses, necessitating materials with enhanced fatigue resistance or 

more frequent maintenance interventions. Multiple high cyclic stress level may promote and 

facilitate crack propagation, affecting current predictive and maintenance strategies which are to 

be updated in order to take into account and deal with the potential detrimental effects of climate 

change. Furthermore, high fatigue resistance materials are to be investigated and novel design 

tools are to be developed, in the early stage of the aircraft design process, in order to guarantee 

proper and adequate maintenance strategies which maintain high safety levels. Further 

development of novel load alleviation techniques are essential in order to deal with high-intensity 

gust reducing the stress levels of the structural component and the quality of the flight trip of the 

passengers. The above discussion highlights the potential implications on the aircraft design and 

maintenance process due to the effects of climate change which can not be neglected in the design 

of next generation aircraft. 

 

 

6. Conclusions 
 

Climate change has brought significant challenges to the aviation sector. Among the effects, 

such as rising temperatures and changes in wind patterns, the increase in wind gust intensity is a 

major concern highlighted in this paper. The rise in gust intensity poses significant issues for 

aviation since it may worsen structural fatigue and impacts aircraft performance. In this context, 

satellite technology can play a crucial role in detecting and analyzing climatic conditions, 

especially changes in wind gust patterns. This work reveals the potential and capabilities of 

satellite technology in detecting wind gusts via Aeolus satellite’s wind gust data. The power-

spectral analysis of wind gust has been used to assess wind gust power spectrum and two different 

approaches been used: one based on von Kármán model, and the other, named “agnostic”, which 

does not use any pre-defined equation and aims at assessing if potential discrepancies may occur 

with von Kármán model. Satellite data were used to show seasonal and annual variations in 

vertical gusts between 2019 and 2022 over an area of the transatlantic route. The analysis 

demonstrated that variations in some cases between different years and seasons can be detected 

and lays the foundation to monitor, in the forthcoming years, how the wing gust power spectrum is 

affected by climate change. A comparison of the two approaches reveals some differences at high-

frequency ranges, while no significant discrepancies were observed at lower frequencies. These 

preliminary findings suggest the possibility to reconsider and potentially update historical gust 

models in light of ongoing climate changes. Addressing this question is inherently complex; this 

study aims to lay the groundwork for future analyses that, with access to more comprehensive 

datasets, could determine whether modifications to the current models are necessary. These 

aspects are of paramount importance to aircraft manufactures since it will influence the design and 

maintenance of aircraft designed to enter into service in the next coming years.  
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Appendix A 
 

 

 

Table 1 contains data on the von Kármán model parameters described in Section 0. The aircraft 

speed V is equal to 236 m/s. 

 

 
Table 1 Data of the von Kármán model parameters described in Section 0 

Month Year R2 L [m] σ [m/s] 

May 

2019 0.252 13072 9.10x10-4 

2020 0.137 13182 8.54x10-4 

2021 0.138 13163 8.99x10-4 

2022 0.175 13157 8.79x10-4 

July 

2019 0.211 12442 1.05x10-3 

2020 0.161 10494 1.24x10-3 

2021 0.193 10832 1.21x10-3 

2022 0.107 9123 1.50x10-3 

September 

2019 0.106 10241 1.43x10-3 

2020 0.110 11979 1.70x10-3 

2021 0.081 10026 1.50x10-3 

2022 0.192 12791 9.45x10-4 

December 

2019 0.212 11745 1.50x10-3 

2020 0.100 7072 1.90x10-3 

2021 0.166 9988 1.52x10-3 

2022 0.240 12179 1.15x10-3 
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