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ABSTRACT

Turbulence represents a primary hazard for aviation, with Clear-Air Turbulence (CAT)
posing a unique threat due to its visually undetectable nature. This study evaluates the 75-
year temporal evolution of the macro-environmental atmospheric conditions favorable to
CAT over Europe and North Africa from 1950 to 2025. Using monthly ERAS reanalysis
data at 200 and 225 hPa, seven synoptic-scale diagnostic indices were analyzed:
Horizontal Divergence (HDG), Richardson Number (Ri), NCSU1, Brown Index (BRI),
Ellrod Index (EI1, EI12), and Potential Vorticity (PV). Results demonstrate that while
domain-averaged indicators such as NCSU1, BRI, PV, and EI1 show a long-term
increase in the frequency of CAT-prone environments, others, including HDG and EI2,
exhibit no clear trend. In contrast, the Richardson Number displays a statistically
significant decreasing trend, reflecting a shift toward reduced atmospheric stability and
enhanced shear at these upper-tropospheric levels. Furthermore, spectral analysis via Fast
Fourier Transform identifies a dominant periodicity of 2.45 years in the HDG and PV
indices. This cycle aligns with historical findings of quasi-biennial solar activity,

suggesting that the large-scale background conditions driving regional CAT potential
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over Europe may be modulated by solar-driven stratospheric dynamics. These findings
underscore the index-dependent nature of regional synoptic trends and the importance of
distinguishing macroscopic climate precursors from microscale turbulence events in

aviation safety risk assessments.
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1. Introduction

Since the beginning of commercial aviation, atmospheric turbulence has remained a
primary concern for stakeholders due to its implications for aeronautical safety and
passenger comfort. Defined as abrupt and stochastic fluctuations in vertical air velocity,

turbulence represents a significant operational hazard. While various typologies exist,
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including mechanical, convective, and orographic, Clear-Air Turbulence (CAT) is
particularly critical. CAT occurs in the upper troposphere and lower stratosphere, typically
associated with intense wind shear in cloud-free regions. Its lack of visual or radar
signatures renders it undetectable to flight crews, significantly increasing the risk of

structural damage or injuries to occupants (WMO, 2025).

International standards, as established by the International Civil Aviation Organization
(ICAO), utilize the Eddy Dissipation Rate (EDR) as the universal metric for quantifying
CAT intensity (Bechtold et al., 2021). Despite its relevance, the accurate modeling of
turbulence remains one of the most complex challenges in fluid dynamics, primarily due
to the non-linear nature of the governing equations and the high computational cost

required for high-resolution atmospheric simulations.

The possible intensification of Clear Air Turbulence (CAT) has emerged as one of the most
significant challenges for commercial aviation in the 21st century. William (2016)
discusses the increased fuel consumption and structural wear caused by navigating more
turbulent airspaces. During the last two decades, several authors have investigated whether
a warming atmosphere leads to an intensification of CAT. William and Joshi (2013) were
pioneers in quantifying the relationship between CAT and CO: concentrations. Using
climate models, these authors demonstrated that doubling CO> concentrations in the
atmosphere could lead to a 40% to 170% increase in the frequency of moderate-to-severe
CAT in the North Atlantic during winter. This study shifted the discourse from viewing
CAT as a static meteorological hazard to a dynamic variable influenced by anthropogenic

climate change.



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

92

93

Williams (2017) focused on transatlantic flights from UK and North America, highlighting
that the increase in CAT is not uniform across all seasons. The winter months show the
most significant intensification due to the stronger temperature gradients between the
Arctic and the mid-latitudes. Storer et al. (2017) provided a global perspective, confirming
that the atmospheric conditions conducive to CAT (measured via various diagnostics like
the Ellrod Index) are becoming more frequent across most of the Northern Hemisphere.
These authors conducted climate model simulations finding that by 20502080, climate
change will cause large relative increases in CAT globally, with the volume of severe
turbulence approximately doubling over Europe, North America, and the North Pacific.
These shifts are particularly pronounced at midlatitudes, where future severe CAT may
become as frequent as moderate CAT was historically. The findings underscore a critical
need for improved operational forecasting and flight planning to mitigate rising risks to

aviation safety and comfort.

To provide a robust dynamical basis for CAT augmentation projections, De Medeiros et
al. (2025) show that anthropogenic warming strengthens vertical wind shear at 250 hPa by
27% while decreasing atmospheric stratification and the Richardson number by 47%.
These findings suggest that future atmospheric conditions will become increasingly
favorable for the generation of clear-air turbulence, particularly under high-emission
scenarios. This evolution poses a direct and escalating challenge to aviation safety and the

efficiency of global flight operations in a warming climate.

Jaeger et al. (2007) studied a 44-year ERA40 climatology (1958-2001), identifying a 40 to
90% increase in CAT indicators over the North Atlantic, the US, and Europe. These authors

found winter maxima over major coastal and mountainous regions, with frequencies
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closely tied to jet stream positioning. Their findings emphasize that while most CAT
indices are jet-dependent, hydrostatic instability remains predominantly land-based and
seasonally distinct. Additionally, Prosser et al. (2023) analyzed atmospheric trends
between 1979 and 2020, revealing that average annual exposure to severe CAT at specific
coordinates across the North Atlantic grew by 55%, increasing from 17.7 hours at the start
of the study period to 27.4 hours by 2020. Lee et al. (2019) explored the impact of vertical
shear on aviation flight levels within European airspace. They found that the increase in
shear at the tropopause level is significantly outpacing the increase in average wind speeds,
suggesting that the atmosphere is becoming more "unstable" even if the jet stream position

remains relatively constant.

Based on 41 years of ERAS data (1979-2019), Lee et al. (2023) identified critical CAT
hotspots over East Asia, the Eastern Pacific, and the Northwestern Atlantic, primarily
driven by strong vertical wind shear and jet stream dynamics. Long-term increasing trends
in turbulence potential are observed in these regions, with the most significant
intensification occurring over East Asia due to a strengthening jet stream and heightened
meridional temperature gradients. These changes are attributed to a complex thermal
pattern of tropical warming and Eurasian cooling, posing substantial challenges for future
aviation efficiency across the Pacific and Atlantic corridors. Since 2000 pilot reports have
transitioned toward Automated Turbulence Reporting and high-resolution reanalysis data
like ERAS. Sharman and Pearson (2017) discuss the integration of these automated systems
into forecasting models, noting that while the ability to predict the "location" has improved,

the "intensity" remains difficult to calibrate due to the multi-scale nature of turbulence.
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Lee et al. (2025) used ERAS data and in situ measurements to identify nearly 5,000
turbulence events, linking them to specific synoptic features like Rossby wave breaking
and warm conveyor belts. They found that 40% of events that are driven by high horizontal
deformation within Rossby wave breaking regions, while another 30% are associated with
warm conveyor belt ascent and negative potential vorticity. These authors provide a
physical framework for understanding CAT triggers, emphasizing that ERAS is a robust

dataset for studying CAT.

The goal of the present study is to provide a comprehensive spatio-temporal climatological
analysis of the large-scale atmospheric environments favorable to CAT over the Euro-
Mediterranean region (75°N to 20°N; 35°W to 50°E) spanning a 75-year period (1950—
2025). By utilizing monthly ERAS reanalysis data, this investigation shifts the focus
toward the long-term variability of synoptic-scale CAT precursors rather than microscale
turbulence events, which cannot be captured at this temporal resolution. The analysis
targets the 200 hPa and 225 hPa pressure levels. While CAT exhibits significant vertical
sensitivity (e.g., Storer et al., 2017), these pressure levels typically coincide with the mid-
latitude jet stream core and the oscillating boundary of the tropopause, where macroscopic
vertical wind shear and static stability gradients are most pronounced (e.g., Jaeger and
Sprenger, 2007). Furthermore, from an aeronautical engineering perspective, these levels
represent the standard optimal cruise altitudes for long-haul commercial aviation.
Therefore, analyzing the evolution of these macro-environmental turbulence risk zones at
these specific heights provides direct, climate-scale insights into operational safety, fuel

efficiency, and structural load impacts in a changing climate (Williams, 2017).
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Using monthly averaged data to analyze phenomena that occur on timescales of
seconds or minutes, such as Clear-Air Turbulence (CAT), is a well-established paradigm
in climate dynamics. This macroscopic approach mirrors methodologies widely used in the
study of other highly localized, transient atmospheric events, such as severe convective
storms and deep convective outbreaks. In those fields, researchers do not track individual,
short-lived convective cells; instead, they utilize monthly or seasonal averages of
reanalysis data to assess large-scale thermodynamic proxies, such as Convective Available
Potential Energy (CAPE) or vertical wind shear, to map the shifting boundaries of storm-

prone environments (e.g., Brooks et al., 2003; Diffenbaugh et al., 2013).

Applying this logic to aviation hazards, calculating diagnostic indices from
monthly ERAS fields acts as a temporal low-pass filter. While this filtering removes the
stochastic noise of individual turbulence encounters, it effectively uncovers the steady,
low-frequency variability of the background flow. By shifting the analytical lens from the
transient micro-event to the macro-environmental envelope, monthly data provide a robust
framework for identifying multi-decadal trends and teleconnection modulations. This
allows researchers to determine whether the "atmospheric climate" is becoming
systematically more or less conducive to generating the sharp shear zones and structural

instabilities that ultimately trigger microscale aviation risks.

This paper is structured as follows: Section 2 establishes the methodology including
the mathematical definitions of the seven CAT indices used; Section 3 details the results
obtained; Section 4 discusses the main findings; and finally, Section 5 summarizes the

primary conclusions.
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2. Methodology

Variables to analyze CAT at cruise levels from 1950 to 2025 were obtained from ERAS
reanalysis at the Climate Data Store (CDS) (Hersbach et al., 2018), a cornerstone of the
Copernicus Climate Change Service (C3S). Operated by the European Centre for Medium-
Range Weather Forecasts (ECMWF) on behalf of the European Commission, the C3S
provides open-access, high-fidelity climate variables designed to support European Union
mitigation and adaptation policies (Hersbach et al., 2023). The dataset is structured on a
regular latitude-longitude grid with a high horizontal resolution of 0.25° x 0.25°. To
accurately capture Clear-Air Turbulence (CAT) dynamics at commercial aviation altitudes,
the following specifications were applied:

- Vertical Coverage: Data spans 37 pressure levels, ranging from 1000 hPa to 1 hPa.
This study specifically extracts variables at the 200 and 225 hPa levels,
corresponding to standard cruise altitudes.

- Temporal Resolution: Monthly averages were utilized to identify long-term
climatic trends rather than transient weather events.

- Variable Selection: To compute the indices, from the sixteen distinct atmospheric
variables available, the following ones were necessary: geopotential, potential
vorticity (PV), the three components of the wind velocity (u, v, w), temperature (T),
and relative vorticity.

We analyzed CAT at the two pressure levels from 1950 to 2025 in the geographical area

limited at 75 ° N and 20 ° N in latitude and at 50 ° E and 35 ° W in longitude (see Figure

1.
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186 Figure 1. Geographical area of the study (source Google Earth).
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188 2.1 Definition of the analyzed indices to describe CAT

189  From the 21 indices proposed by Prosser et al. (2023), seven have been selected for this
190  study based on their consistency in existing literature (e.g. Prosser et al., 2023; Sharman et
191  al, 2006; William et al., 2013) and their ability to provide a multifaceted perspective of

192 atmospheric turbulence.

1

13431 - Horizontal Divergence (HDG). It is the net outflow of air from an air parcel in the
195 horizontal direction. Divergence is the sum of two components, directional

196 divergence, and speed divergence. Directional divergence occurs when air

197 escapes the air parcel in several directions but at a constant wind speed. On the
198 other hand, Speed divergence occurs when, within the same isobaric surface, wind

199 speed increases with height. The mathematical definition is:
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The intensity of vertical motion in the atmosphere is directly related to these
processes: stronger vertical motions are associated with greater divergence or

convergence.

10

Negative Richardson Number (Ri). The Richardson Number represents the

dimensionless ratio of buoyancy to shear generation, serving as a fundamental

measure of atmospheric stability (Sharman et al., 2006). In this study, the sign

convention is inverted (negative Ri) to ensure that higher index values correspond

to higher turbulence potential, aligning the metric with standard eddy dissipation

rates indicators:

Ri= -2 =28, )

Where g is gravitational acceleration, 6 is potential temperature, and S, is the

modulus of gradient of horizontal wind speed in the vertical direction:

ou\2 av\?
s=G) +(&) 3
Values near 0 of Ri indicate mechanical turbulence, while positive values

exceeding 0.03 suggest predominant convective motion (SKYbrary Aviation

Safety, 2024).
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Brown Index (BRI). It is a simplification of the Richardson number tendency
equation. It utilizes the thermal wind relation to approximate horizontal wind

gradients, offering a theoretical assessment of turbulence intensity (Sharman et al.,

2006):
BRI =l-<p-53 (4)
24
where:
® =,/0.3- (% + DSH? + DST?,
and:

u v
DST‘&‘E'
du v
DSH_E_Q

are the stretching and shearing components of the deformation. Additionally, C,
represents absolute vorticity ({z={-+f, where ¢ is relative vorticity and f'is the

Coriolis frequency).

North Carolina State University Index (NCSU1). Developed to characterize pre-
turbulent conditions associated with severe aviation hazards, the NCSU1 integrates
localized rotation, vertical wind shear, and buoyancy-related instability (Sharman

et al., 2006):

1 u v
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This index identifies the flow's capacity to amplify minor perturbations into
significant turbulent energy, particularly in regions influenced by the jet stream or

orographic features (Kaplan et al., 2003).

Potential Vorticity (PV). It is defined as the absolute circulation of an air parcel
between isentropic surfaces. It is a critical tracer for identifying the tropopause and
small-scale structures often overlooked by geopotential height analysis

(RAMMBY/CIRA, s.f.):

PV = i 6
where p is the pressure. Although useful for identifying atmospheric boundaries,
its efficacy in quantifying mesoscale CAT remains a subject of comparative

analysis (Storer et al., 2017).

Ellrod Indices (EIl and EI2). Ellrod and Knapp (1992) developed this index on the
premise that deformation (DEF) and vertical wind shear (VWS) are the primary

kinematic precursors to CAT. The basic version (EI1) is defined as:

EI1 = VWS-DEF  (7)

where:
VAu? + Av?
VWS =—"—-—
Az
and
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DEF = /DST? + DSH?

A second variant (EI2) incorporates horizontal divergence, which can

significantly contribute to turbulence in specific synoptic environments:
EI2 = VWS(DEF — HDG) (8)

Verification against Pilot Reports (PIREPs) has demonstrated that using EI2 as an
indicator for CAT presents probability of detection (POD) between 70% and 84%,

confirming its practical utility for aviation forecasting (Ellrod et al., 1992).

2.2 Numerical Discretization and Computational Procedure

To characterize the spatio-temporal evolution of CAT over Europe, the processed
diagnostic fields are analyzed by considering temporal and spatial averaging. Regarding
temporal averaging, annual and seasonal mean fields are calculated across the spatial
domain. For the final year of the series (2025), the average is truncated at August due to
data availability. Seasonal averages are partitioned into meteorological quarters (e.g.,
Winter: DJF; Spring: MAM), noting that the 1950 winter season is omitted because it

requires December 1949 data.

To analyze the evolution of the calculated indices during the studied period, they were
averaged over the entire domain to produce a single representative value per time step

(monthly, seasonal, or annual). Finally, to evaluate the inter-index relationships and
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identify periodicities within the 76-year time series, two primary mathematical frameworks

are employed: non-parametric correlation and frequency-domain decomposition.

Given that a preliminary visual inspection of the data suggests a non-Gaussian distribution,
the Spearman rank correlation coefficient (p) is utilized rather than Pearson’s linear
correlation. This method transforms the absolute index values into ordinal ranks (from 1 to
76), thereby assessing the monotonic relationship between variables while mitigating the
influence of outliers. The resulting coefficients range from -1 (perfect inverse correlation)
to +1 (perfect direct correlation). To ensure the robustness of these associations, the
Student’s t-test is applied to derive p-values. A threshold of p<0.05 is established to define
statistical significance, ensuring that observed correlations are not the result of stochastic

variability.

The second statistical analysis aims to detect cyclical patterns that may be obscured by
high-frequency noise in the time domain, such as the solar cycle. The Fast Fourier
Transform (FFT) is applied to the annually averaged series to analyze the potential solar
cycle influence on CAT frequency. The FFT serves as an efficient algorithm to compute
the Discrete Fourier Transform (DFT), decomposing the temporal signal into its constituent
frequency components (Raikar et al., 2024). For analytical clarity, these frequencies are
converted into annual periods. The significance of periodic peaks is determined by
analyzing their spectral amplitude. Isolated peaks with high relative amplitude suggest
deterministic physical forcing, whereas multiple peaks of similar magnitude may indicate
a non-periodic or random signal. In cases where the dominant amplitude corresponds to a
period exceeding the observational window, the secondary peak is prioritized for physical

interpretation.
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3. Results

3.1 Correlation Analysis of CAT Indices
The Spearman’s Correlation test is used to determine the correlation between the

different turbulent indices (see Table 1 for 200 hPa and Table 2 for 225 hPa).

Table 1. Spearman’s correlation test results between the turbulent indices at 200 hPa.
The upper side of the matrix represents the degree of correlation and the lower side of the

p-value of the correlation. In bold the largest (smallest) values of the correlation (p-value).

200 hPa EIl EI2 HDG Ri NCSU1 PV BRI
EIl 0.841 0.098 -0.082 0.787 -0.394 0.771
EI2 2.17-10% -0.395 -0.218 0.593 -0.208 0.585

HDG 0.398 4.07-10* 0.140 -0.023 0.103 -0.001
Ri 0.482 0.059 0.226 0.026 -0.015 -0.078

NCSU1 3.75-10" 1.69-10° 0.843 0.826 -0.363 0.499
PV 4.36-10* 0.071 0.376 0.895 1.27-1073 -0.439
BRI 3.97-10'¢ | 2.78-10¢ 0.997 0.502 4.55-10° 7.37-107

Table 2. Same as Table 1 at 225 hPa.

225 hPa EIl EI2 HDG Ri NCSU1 PV BRI
EIl 0.825 -0.109 -0.181 0.798 -0.446 0.705
EI2 4.75-1020 -0.418 -0.319 0.588 -0.134 0.452

HDG 0.347 1.75-10* 0.171 -0.036 0.004 0.071
Ri 0.117 4.95-107 0.139 -0.164 -0.143 0.003

NCSU1 6.35-1018 2.39-10% 0.756 0.156 -0.399 0.457
PV 5.40-10°° 0.247 0.969 0.218 3.45-10* -0.441
BRI 1.19-102 | 424-10° 0.543 0.981 3.38:10° 6.68-107

The statistical evaluation of inter-index relationships reveals that the Ellrod Index 1 (EI1)
serves as the most robust proxy for general turbulence trends within the study domain. As
detailed in Tables 1 and 2, EIl exhibits a highly significant correlation (p>0.70) with
three primary indices: EI2, the North Carolina State University Index (NCSU1), and the

Brown Index (BRI).
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The most pronounced association was observed between EIl and EI2. This result is
consistent with their shared theoretical origin (Ellrod and Knapp, 1992); both indices
utilize vertical wind shear (VWS) and deformation (DEF) as fundamental kinematic
precursors. The difference in their correlation (p<1.0) is attributable to the inclusion of
the horizontal convergence term (-HDG) in EI2, which enhances diagnostic accuracy in

specific synoptic environments (see Equations 2.20 and 2.21).

Furthermore, the strong correlation between EIl and NCSU1 stems from their mutual
dependence on VWS. Similarly, the relationship between EIl and BRI is driven by the
treatment of the deformation tensor; while BRI explicitly incorporates the shearing
(DSH) and stretching (DST) components, EI1 utilizes the total deformation magnitude.

Additionally, both indices are linked through the inclusion of the wind shear modulus

(Sv).

All reported correlations reached statistical significance with p-values consistently below
the a=0.05 threshold. However, the strength of these relationships exhibited sensitivity to

pressure levels:

- Upper Level (200 hPa): EI2 and BRI demonstrated higher correlation coefficients
with EIl, suggesting that deformation-based turbulence is more consistent at
higher altitudes.

- Lower Level (225 hPa): The correlation between EI1 and NCSU1 peaked at this
level, potentially reflecting the influence of jet stream dynamics near the lower

boundary of the cruise altitude.
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Conversely, EI1 showed negligible correlation (p<0.10) with both Horizontal Divergence
(HDG) and the Richardson Number (Ri). A moderate negative correlation was identified
with Potential Vorticity (PV), particularly at 225 hPa, likely reflecting the inverse

relationship between PV-defined stability and turbulent kinetic energy.

Indices that correlate strongly with EIl also exhibit significant associations with EI2.
This inter-dependency is expected given that EI2 is a functional variant of EIl. The
relative decrease in correlation between NCSU1/BRI and EI2, compared to their relation
with EIl, is explained by the presence of the convergence term in EI2, which is absent in
the former indices. This hypothesis is supported by the moderate negative correlation
found between EI2 and HDG; since HDG represents the mathematical opposite of

convergence, its influence is uniquely captured by EI2.

Finally, a moderate correlation was observed between NCSU1 and BRI, once again
mediated by the vertical wind shear modulus. Potential Vorticity exhibited a consistent
moderate negative correlation across the deformation-based index suite (EI1, NCSUI,

and BRI).

3.2 Temporal evolution of the indices

The temporal evolution at annual and seasonal averaged indices over the domain of
HDG, NCSU1 and Ri has been analyzed. Similarities and differences between the
indices, as well as the trends, are studied, providing a robust basis to determine if CAT

has increased or not over time.
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There are several reasons to choose these indices. First NCSU1 is chosen because it
represents the influence of orographic features, and specifically mountain waves that are
directly related with the generation of CAT. Then, Ri is chosen because it was the first
index that was developed to forecast CAT in the 1960s, other indices such as BRI have
been developed using Ri as basis furthermore EIl and EI2 were developed in order to
improve the results provided by Ri, finally NCSUT also incorporates Ri in one of the
terms of its definition but its influence may not be present. Consequently, even not being
the most accurate index is the basis of the prediction of CAT and has been widely used
with 3.6 million results in Google Scholar. Also, most of the indices focus on vertical
motions such as VWS or pressure variations, HDG focuses only on horizontal motions.
No other indices were used to obtain temporal evolutions due to lack of time. The linear
regression function was applied to the seven considered indices to determine which of

them present significant changes in the evolution of CAT over the studied period.

3.2.1 Annual evolution

The first parameter subjected to individual assessment is Horizontal Divergence (HDG),
prioritized due to its exceptionally low correlation with other turbulent diagnostics. This
suggests that HDG captures distinct atmospheric processes not represented by
deformation-based indices. As illustrated in Figure 2 (upper panels), the temporal
evolution of the domain-averaged HDG at 200 hPa exhibits a slope coefficient of
8.82:1071% s'lyr!, which is approximately three orders of magnitude smaller than the
mean HDG values recorded throughout the study period. A linear regression significance

test yielded a p-value of 0.532, which significantly exceeds the standard 0=0.05
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threshold. Consequently, the null hypothesis, which posits no linear trend, cannot be
rejected, confirming the absence of a statistically significant increase in horizontal

divergence over the analyzed period.

A similar pattern is observed at the 225 hPa pressure level (Figure 2b), where the linear
regression yields a slope of 1.36-10 s-yr!. Coupled with a coefficient of determination
(R?) of 0.01 and a p-value of 0.358, these results reinforce the lack of a discernible long-
term trend at lower cruise altitudes. A comparative analysis reveals a highly correlated
distribution between the two levels, with net annual values remaining positive, indicating
a structural predominance of divergence within the domain. The primary distinction is a
consistent vertical offset, with HDG values at 225 hPa typically ranging from 0.1-10¢ s°

lyr'to 0.3:10¢ slyr'! lower than those at 200 hPa.

Complementing this analysis, the Negative Richardson Number (R1) was examined as a
primary indicator of atmospheric stability. Like HDG, Ri demonstrates a low correlation
with the remaining indices. The middle panels of Figure 2 (c and d) represent the
temporal evolution of the averaged Ri at 200 hPa and 225 hPa, respectively. At 200 hPa,
the linear regression identifies a negative slope of —4.28-107 yr'!. Despite a low R? of
0.16, which is indicative of substantial interannual variability, the resulting p-value of
2.88-10"* yr'lconfirms a statistically significant negative trend. Physically, the negative
values recorded throughout the series correspond to atmospheric conditions dominated by
mechanical turbulence. However, the observed downward trajectory indicates that Ri
values are progressively decreasing. According to the theoretical framework, as values

approach the -0.1 threshold, the atmosphere trends toward stable stratification,



402

403

404

405

406

407

408

409

410

411

412

413

414

paradoxically suggesting a shift toward a less turbulent environment at these specific

pressure levels.

Finally, the North Carolina State University Index (NCSU1) was analyzed, which, in
contrast to the previous metrics, correlates well with the broader suite of deformation-
based indices. The lower panels of Figure 2 (e and f) detail the annual evolution of
NCSUL1, where the index reached a maximum of 3-1071° s in 1983 and a minimum of
1.52:1071% 53 in 2010. The trend line reveals a positive slope of 2.61-10713 53 yr!,
Notably, the p-value is precisely 0.05, indicating a statistically significant increase.
However, the low R? of 0.05 emphasizes that the signal is characterized by significant

interannual variability, which must be considered when interpreting long-term
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Figure 2. Temporal evolution of the annual averages over the domain of HDG (top
panels) at a) 200 hPa and b) 225 hPa, Ri (middle panels) at ¢) 200 hPa and d) 225 hPa,
North Carolina State University Index (bottom panels) at ¢) 200 hPa and f) 225 hPa. The

red lines show the linear trend.

3.2.2 Seasonal evolution

Figure 3 shows the seasonal temporal evolution of HDG at 200 hPa. As with the annual
evolution, the main differences between 200 hPa and 225 hPa (not shown) are the
previously mentioned offsets. Compared to the annual evolution, a major difference is
observable: for all seasons except spring, negative HDG values occurred for many years.
Additionally, for winter, the HDG trend is negative. This suggests that winters have
become more stable, potentially due to rising temperatures affecting lapse rates.

It can also be observed that dispersion is much smaller in the seasonal evolution than in
the annual evolution, indicating low seasonal variability. Spring presents the smallest
variability, with all values indicating divergence. Autumn likewise exhibits very low
variability but presents some negative values representing convergence. Summer is the

most stable season, with most of the values falling between 0.5-10° s and 0. Finally
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435  winter exhibits much greater interannual spread than the other seasons; specifically, 74
436  out of the 75 winters present divergence, while 1956 and 2018 present convergence. As
437  in the annual evolution, the conclusion is that there is no evidence of a significant

438  increase in HDG during the studied period.
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441  Figure 3. Temporal evolution of the seasonal average over the domain of HDG at 200
442  hPa. The red line shows the lineal trend.

443

444

445  Figure 4 presents the seasonal evolution for the averaged Ri over the domain at 200 hPa
446  is presented. The evolution at 225 hPa is very similar. Beginning with winter, only a
447  slight decreasing trend in the occurrence of CAT is found. The winter values are the
448  closest to 0 compared to both the other seasons and the annual evolution, implying that

449  this is the season in which the strongest mechanical turbulence is present. This result also

450  indicates that winter is the most turbulent season. The interannual variability is slightly
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greater than that of the annual evolution. For spring, the most noticeable difference
compared to the other seasons and the annual evolution is that the trend line has a
positive slope. This indicates that for this season throughout the studied period, an
increase in the occurrence of CAT is found. Additionally, the values are higher than those
for the annual evolution, showing greater interannual variability is shown compared to
both the winter and annual trends.

Summer and autumn present similarities in the evolution of the index. In summer, the
strongest trend is observed as the slope of the trend line is the steepest compared to the
other seasons. Notably, between 1966 and 1977 (with the exception of 1969), a
continuous descending trend is distinguishable. Most of the values are higher than those
present in the annual trends, indicating that summers are more stable than the annual
averages. The interannual variability is similar to that observed in the winter graph.

The last season of the year, autumn, likewise presents a negative trend, albeit one that is
more attenuated than in summer as can be seen by comparing the slopes. It presents low
interannual variability and the values are the lowest of all the four seasons indicating that
it is the most stable one. These values are also lower than the annual averaged values.
Summarizing, three out of four seasons present a negative trend similar to the annual
evolution; in contrast, spring presents a positive trend with a very high interannual

variability.
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Figure 4. Same as Figure 3 for the negative Richardson number.

Figure 5 shows the temporal evolution of the average NCSU1 values over the domain for
each season. As with the other indices, only the 200 hPa plots are shown; same as HDG,
the 225 hPa data only exhibits an offset compared to the 200 hPa plots.

Winter presents the highest values of all four seasons, indicating that it is the most
turbulent period. In some cases, the values are twice as large as those recorded in the
annual evolution. Regarding the trend line, the slope is slightly steeper than for the annual
trend and is the steepest among all seasons. The interannual variability is also the highest
during this period.

In spring, the values are slightly lower than in winter but slightly higher than in summer
and autumn. The slope of the trend line is smaller than in winter. A study of the
interannual variability reveals a change in behavior starting in 1995: prior to this year,
most of the values were close to the trend line and each other; however, since 1995,

values have become much more dispersed.
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Summer and autumn present more similarities to each other than the aforementioned two
seasons. In summer, the values are slightly lower than in the annual evolution and lower
than in winter and spring. Remarkably, the trend line slope in summer is five orders of
magnitude smaller than the values of the variable itself, indicating that no appreciable
evolution is present. However, it can be observed that from 1960 to 1970 most of the
values fall below the trend line, from 1970 to 1990, they are above the line and from
1990 to the end of the period they are again below the line.

Autumn presents a behavior very similar to summer. The values are very comparable,
and the trend line presents an almost insignificant slope. In this case, the near-zero slope
does not represent any clear evolution. The major difference from summer is that the
interannual variability is greater, and the previously described cyclical pattern is not

visible.
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Figure 5. Same as Figure 4 for the NCSUI1.
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Table 3 and 4 detail the slope of the trend line, the R? and the p-value for the three
turbulent indices at 200 hPa and 225 hPa, respectively. Regarding the seasonal analysis, it
is observed that winter is the most turbulent season. For HDG and NCSU 1, winter
presents the greatest variations and the most significant increases over the period, while
for Ri, the opposite is observed. In contrast, during the summer, HDG and NCSU1
present fewer variations, while for Ri this is the season where the greatest decreasing

trend in turbulence is observed.

Table 3. Linear regression results for NCSU1, Ri and HDG at 200 hPa in the period

1950-2025.
200 hPa Slope R? p-value
NCSU1 2.61-1083 g3yt 0.041 0.057
Ri -4.28-107 yr'! 0.164 2.88-10*
HDG 8.82:1010 s l-yr! 5.29-107 0.532

Table 4. Linear regression results for NCSU1, Ri and HDG at 225 hPa in the period

1950-2025.
225 hPa Slope R? p-value
NCSU1 3.04:103 g3 yr! 0.055 0.041
Ri -6.06-107 yr'! 0.162 3.17-10*
HDG 1.36:107 571 -yr! 0.011 0.358

3.3 FFT Analysis
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Figure 6 shows the FFT analysis applied to the temporal evolution of the domain-

averaged HDG. The dominant period is identified at 2.45 years (/=0.4 yr').

Historical research by Clough (1928), which demonstrated that when the influence of the
11-year solar cycles is eliminated, variations in solar activity with shorter periods become
observable, with the most common period being approximately 2.4 years. It was further
argued that this periodicity was not accidental; if the observed variations were stochastic,
1.6 years would be the most probable interval rather than the observed 2.4 years.

Furthermore, the years in which this shortest-term period occurs do not necessarily

coincide with the onset of a new 11-year solar cycle.
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Figure 6. FFT analysis for HDG index

Figure 7 shows the Inverse Fast Fourier Transform (IFFT) specifically performed for the
2.45-year period. Through this computation, it is possible to identify the specific years in
which this phenomenon occurred; however, to isolate these fluctuations, the long-term

trend must first be removed. As can be seen, the difference between the normalized peak
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and troguh values is approximately 0.015. Given that the HDG values have an order of
magnitude of 107, a resultant difference of 1.5-10® difference in HDG units is obtained,
meaning that all reconstructed values are nearly identical in magnitude.

Comparing the years marking the onset of solar cycles from 1950 to 2025 (e.g. Clough,
1928) with the years in which the 2.45-year periodicities are most prominent, none of
them coincide. Consequently, these fluctuations may indeed be related to the previously

mentioned 2.4-year solar cycles rather than the primary 11-year cycle.

IFFT for frequency 0.4079

0.02

0.01 4

0.00 4
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Figure 7. IFFT for the 2.45-year period.

Normalized Value

Similar spectral analyses were performed for the remaining indices. Table 5 details the
frequencies associated with the highest relative amplitudes in the FFT spectrum for all

seven turbulent indices at both pressure levels.

Table 5. Results for the FFT most relevant frequencies for the turbulent indices (in yr').

In bold, frequencies corresponding to the short-period solar cycles.

Frequency at 200 hPa (yr) | Frequency at 225 hPa (yr)’

NCSU1 0.3553 0.3553

Ri 0.1711 0.3158
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HDG 0.4079 0.4079
EIl 0.1316 0.1316
EI2 0.1316 0.3553
BRI 0.2500 0.1974
PV 0.4211 0.4211

4. Discussion: comparative analysis

Our results for Europe exhibit several key differences from previous studies focused on
the North Atlantic. While Prosser et al. (2023) identified a 55% surge in severe CAT over
the North Atlantic, trends across the European continent exhibit greater index-
dependency, particularly within the HDG framework. This regional consistency suggests
that the atmospheric intensification observed in transatlantic corridors, driven by the
widening temperature gradient at the tropopause, is less uniform over landmasses. Unlike
the open ocean, where the jet stream experiences uninterrupted strengthening, the
atmospheric profile over continental Europe is influenced by complex orographic forcing
and higher surface roughness. These factors can disrupt the coherence of vertical wind
shear, leading to a more localized and stable HDG index compared to the streamlined,
shear-dominant maritime flight tracks.

In the context of the PV-based diagnostic framework, the observed significant decreasing
trend in Potential Vorticity directly translates to an intensified turbulence signal,
providing a robust empirical contrast to the more cautious projections reported by Storer
et al. (2017). While those authors utilized climate models to project future CAT

responses, their findings often exhibited lower confidence levels regarding historical PV-
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related trends due to the inherent smoothing and coarse resolution of global climate
simulations. In contrast, the ERAS reanalysis captures the historical signal with greater
acuity by assimilating vast arrays of observational data into a high-resolution grid. This
allows for a more precise reconstruction of the vertical stability and vorticity gradients
that define Potential Vorticity. Consequently, the use of ERAS identifies a definitive
historical decline in PV, and a corresponding rise in turbulence, that may be
underrepresented in the broader, multi-model ensembles used in previous climate impact
studies.

Regarding solar influence, several authors have investigated the quasi-biennial period in
various atmospheric phenomena. Qiang et al. (2007) used the Empirical Mode
Decomposition (EMD) method to process nonlinear and non-stationary sunspots
sequences, effectively identifying isolated features across various scales. Analysis of
sunspot data reveals periodic components of 1.3-1.4 years, 25-30 months (QBO), and 11-
year and 22-year cycles. The 11-year solar cycle emerges as the most dominant
component, exhibiting the highest amplitude and correlation with original sunspot
numbers, though a period of around 2.5 years was also identified. Khramova et al. (2002)
found quasi-biennial oscillations of solar activity using Singular Spectrum Analysis to
separate out and analyze these oscillations. The principal components of the solar cycle
are stable 11-year, secular, and quasi-biennial variations. The periods and shapes of
individual variations in each quasi-biennial train depend on the length and power of the
particular 11-year cycle.

Vokhmyanin et al. (2023) found that sudden stratospheric warmings (SSWs),

characterized by a breakdown of the polar vortex and significant surface weather impacts,
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are strongly influenced by the interplay between solar/geomagnetic activity and the
Quasi-Biennial Oscillation (QBO). By modeling these relationships, the authors achieved
an 86% success rate in predicting winter SSW occurrences as early as the preceding
August. The observed 2.45-year CAT period is coherent with previous studies linking
solar activity to CAT intensity. In particular, the 2.45-year periodicity observed in CAT
intensity demonstrates a high degree of coherence with solar variations, mediated by the
QBO and its influence on the Northern Hemisphere winter.

Furthermore, Camp et al. (2007) analyzed sunspot data, utilizing methods like Empirical
Mode Decomposition and Singular Spectrum Analysis, to isolate stable quasi-biennial
cycles (roughly 2.4 to 2.5 years) that mirror this CAT periodicity. This connection is
physically grounded in the interplay between solar maxima and QBO phases.
Specifically, the easterly phase (eQBO) interacts with solar activity to precondition the
polar vortex for sudden stratospheric warmings (SSWs). When these SSWs occur, they
trigger a dramatic breakdown of the polar vortex, which in turn disrupts the jet stream,
the primary driver for enhanced CAT across Europe. By modeling this synergy between
geomagnetic activity and the QBO, researchers such as Vokhmyanin et al. (2023) have
achieved an 86% success rate in predicting winter SSW occurrences as early as the
preceding August. This high predictability underscores that the 2.45-year CAT cycle is
not a random fluctuation; rather, it is a direct atmospheric reflection of how solar-driven
oscillations modulate the large-scale stratospheric dynamics that dictate turbulent

conditions in the upper troposphere.

5. Conclusions
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The objective of this work was to analyze whether the macro-environmental
background conditions favorable to CAT have changed over the Euro-Mediterranean
region during the last 75 years (1950-2025). While previous literature has demonstrated
that transient CAT events have increased due to climate change over North America and
the North Atlantic regions, this research specifically focused on the long-term temporal
evolution of the synoptic-scale atmospheric precursors over Europe. By utilizing monthly
ERAS reanalysis data, this macroscopic approach effectively filters out the high-frequency
stochastic noise of individual, minute-scale turbulence events to uncover multi-decadal
structural shifts in the upper-tropospheric circulation. To do so, seven different indices
related to turbulence dynamics were evaluated (HDG, Ri, NCSU1, EIl, EI2, PV, BRI).
Prior to addressing the main climatological trends, it was necessary to assess the cross-
correlations between these diagnostic tools when applied to time-averaged fields. Using
the Spearman’s Correlation function on annually averaged values, remarkable similarities
were found among EIl, EI2, NCSU1, and BRI, while HDG, PV, and Ri did not show a
clear relationship to the other indices. Based on these results, HDG, Ri, and NCSU1 were
selected for the subsequent trend analysis to provide a broader, non-redundant perspective
on the changing behavior of the large-scale flow. To answer the primary research question,
the temporal evolution of the annual averages for the three selected indices was analyzed.
All indicators exhibited significant interannual variability, and the resulting multi-decadal
trends varied across the indices, underscoring the index-dependent nature of regional
climate projections. Linear regression revealed a statistically significant positive trend in

the NCSUI, suggesting a long-term expansion of atmospheric configurations prone to
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generating CAT. Concurrently, the Richardson Number (Ri) showed a statistically
significant decreasing trend, indicating a systematic shift toward reduced static stability
and enhanced macroscopic vertical wind shear, which aligns with the NCSUT results. In
contrast, the HDG index did not exhibit a clear annual trend. Given the pronounced
interannual variability, the seasonal evolution of these macro-environmental indices was
also examined. This seasonal analysis indicates that the winter background environment is
the most conducive to triggering CAT instabilities, while summer conditions tend to be the
most quiescent. For all three indices, the temporal evolution during the summer and autumn
months presented greater structural similarities to each other than to winter and spring.
Regionally, the seasonal trends also diverged: for HDG, all seasons except winter showed
an increasing trend in line with the annual pattern. For Ri, all seasons except spring
displayed a descending trend, consistent with a year-round shift toward a more unstable
upper-tropospheric background flow. Finally, the NCSU1 winter, spring, and annual trends
demonstrated an increase in turbulence potential, whereas summer showed almost no trend
and autumn exhibited a slightly decreasing propensity. Overall, these results demonstrate
that while microscale turbulence cannot be directly resolved at monthly resolutions, long-
term reanalysis averages successfully track the shifting climatological envelope of aviation
safety risks.

Finally, the possible effect of solar cycles on the index values was studied using FFT
analysis. None of the indices showed a periodicity corresponding to the 11-year solar cycle.
However, HDG and PV exhibited a potential relationship with the 2.4-year solar cycle
analyzed by Clough (1928). While it is not yet possible to definitively establish a causal

link, the observed periodicities align with the quasi-biennial solar variations described in
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historical literature. Although contemporary references specifically confirming this short-
period cycle are limited, the hypothesis that the periodicities observed in HDG and PV are
modulated by short-period solar cycles is remains tentatively supported and requires further

validation using longer time series or higher-resolution solar proxy data.
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