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Abstract—Accurate management of weather conditions plays a critical role in ensuring
safe and efficient flight operations in the aviation industry. In this context, the wind factor
has a direct impact on aircraft performance and pilot decision-making mechanisms,
especially during landing and takeoff processes. Within the scope of the study, 16 years of
wind data recorded between 2008 and 2023 at Samsun Carsamba, Zonguldak, and Trabzon
airports located in the Black Sea Region are analyzed. Innovative Trend Analysis (ITA)
and Innovative Polygon Trend Analysis (IPTA) methods are used to analyze the trends of
wind direction, speed, and sudden changes. According to the results obtained, the dominant
wind direction at Samsun Carsamba and Zonguldak airports was determined as east (E),
while a dominant wind effect was determined in the south-southwest (SSW) direction at
Trabzon Airport. The study reveals the effects of wind factor on flight safety and
operational efficiency and provides recommendations for the measures to be taken in the
aviation sector and future practices.

Key-words: wind factor, flight safety, airport operations, crosswind and tailwind, trend
analysis
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1. Introduction

One of the key components of safe and efficient flight operations in the aviation
industry is the correct management of weather conditions. In this context, the
wind plays an important role in all phases of flight, but especially in the landing
and takeoff processes. Based ont he aviation accident database of the National
TransportationSafety Board, Fig. I shows the percentage of the different phases
of flight in the total number of flight accidents (N7SB, 2019)
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Fig. 1. Aircraft accidents by positions in 2019.

2022 data of the Flight Safety Foundation also provides up-to-date support
for this information (FSF, 2022; Fig.2).
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Fig.2. Aircraft accidents according to positions in 2022.

Wind direction, speed, and sudden changes directly affect both aircraft
performance and pilots decision-making processes. While headwind shortens the
takeoff distance and enables the aircraft to take off quickly, tailwind lengthens
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this distance and can make takeoff more complicated. Similarly, crosswind makes
it difficult for the aircraft to move stably on the runway and increases the risk of
deviation from the runway during landing (Hahn, 1989; Robins and Delisi, 1993;
Slihta et al., 2015; Stival et al., 2017; Castilho et al. 2018; Nechaj et al., 2019;
Onwuadiochi et al., 2019; Maslovara and Mirkovi¢, 2021; Nae, 2021; Jiang et
al., 2023; Ghozali et al., 2024; Khattak et al., 2024; Li et al., 2024; Lu, 2024;
Scherllin-Pirscher et al., 2025; Yan and Song, 2024).

Wind shear, which refers to sudden changes in wind direction and speed, is
considered one of the most dangerous weather events in aviation. These events,
especially during takeoff and landing, cause sudden speed and direction changes
at low altitudes, making it difficult to control the aircraft. The FAA (Federal
Aviation Administration) has been promoting advanced radar technologies and
simulation systems to reduce the rate of wind shear-related accidents since the
1980s (Kurdyukov et al., 2004; FAA, 2021; Zhang et al., 2019; Chen et al., 2025;
Huang et al., 2024; Salahudden, 2024). However, it has been proven by many
studies that pilot training plays a key role in dealing with such situations (Van
Zante and Bond, 2003; Yang et al., 2021; Dolzhenko et al., 2024; Korecki et al.,
2024).

When evaluated from an aerodynamic perspective, the effect of wind on the
aircraft is related to basic parameters such as lift, drag, and thrust. For example, a
strong headwind reduces the aircraft's speed relative to the ground, significantly
shortening the takeoff distance. In addition to reducing fuel consumption, this also
increases operational efficiency (FSF, 1999). However, in the case of a tail wind,
this advantage is lost and take-off distance increases significantly (4Aviation NZ,
2023; Liu et al., 2022). Especially on short runways or high-density altitudes, tail
wind can make the negative effects on aircraft performance more obvious
(Fahlgren, 2007).

The effects of crosswind present a different aerodynamic challenge.
Crosswind makes it difficult for the aircraft to remain in line with the runway
during landing and is highly dependent on the pilot's control ability (Ebbatson et
al., 2007). Aircraft manufacturers such as Airbus and Boeing have differentiated
crosswind limits according to aircraft models, and these limits vary depending on
the aircraft type and pilot experience (Van Es et al., 2001; Airbus, 2020; Boeing,
2019, Wu and Liu, 2021). Simulation-based studies have been conducted to better
understand crosswind effects, and it has been emphasized that pilots' decision-
making mechanisms in such conditions depend on the quality of training (Castilho
et al., 2018; Sumaja et al,. 2019).

The impact of wind on flight operations is not limited to the landing and
takeoff phases. On long-haul flights, jet streams can significantly affect aircraft
fuel consumption and flight times. Flight routes that are correctly aligned with jet
streams provide great advantages both economically and environmentally.

The effect of wind on landing and takeoff is related not only to weather
conditions, but also to the location of the airport and the runway arrangements.
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Geographically, airports in areas subject to frequent wind shear present a higher
risk during landing and takeoff. For example, the old Kai Tak Airport in Hong
Kong witnessed great difficulties in landing aircraft due to frequent crosswind
conditions, and this has inspired many analysis studies in aviation history (Grace
etal., 1957).

In addition, other factors such as atmospheric density, temperature, and
humidity can increase the impact of wind. In hot and humid weather conditions,
air density decreases, which negatively affects the ability of aircraft to generate
lift. Especially at airports located at high altitudes, these effects become more
pronounced. It is of great importance for pilots to correctly manage aircraft
performance in such conditions (Aviation NZ, 2023).

Carefully monitoring the wind factor around airports is vital to ensure flight
safety and operational efficiency. The use of weather radar systems and wind
measuring devices enables accurate assessment of wind conditions. Predicting
wind patterns by analyzing long-term weather conditions is also important for
infrastructure planning of airports. In this context, international authorities
recommend using at least 10 years of data in wind and wind trend studies. Both
the NOAA Climate Prediction Center (NOAA, 2020) and the Federal Aviation
Administration (FAA4, 2020) support using 10 years or more of data in such
operational and analysis studies. In this study, Samsun, Zonguldak, and Trabzon
airports, which are three provinces from the Black Sea Region where wind has
intense influence, were examined. 16 years of data between 2008 and 2023, which
could provide maximum data for three cities, were used within the scope of the
study.

Mismanagement of the wind factor can lead to adverse effects not only on
aircraft performance but also on operational costs. Accurate analysis of
atmospheric phenomena such as jet streams can reduce fuel consumption in long-
haul flights and contribute to environmental sustainability. However, at airports
in regions with frequent wind shear, the implementation of advanced simulation
and training programs can strengthen safety by increasing pilots ability to cope
with such situations.

As a result, constantly monitoring the wind factor around airports and taking
appropriate measures not only increases flight safety, but also increases sectoral
efficiency by shortening flight times and saving fuel. Maintaining such
monitoring and management processes in an integrated manner will provide both
technical and economic benefits in the aviation sector.

Also wind speed and direction play a critical role in airport design, because
taking off and landing from the wind increases safety. Therefore, runways are
positioned according to the long-term wind direction and speed in the region.
Using wind rose analysis, prevailing wind directions are determined and the
layout of the runways is planned accordingly. Since crosswinds can make flight
operations difficult, this situation is also taken into account; if necessary, runways
are designed in different directions. Since excessive wind speeds can increase the

72



risk of turbulence, this factor is evaluated during airport site selection. In addition,
environmental factors and terrain structure can affect the behavior of the wind.
All these analyses are necessary for airport operations to be safe and efficient.

The present study has been conducted for the purpose of investigating the
temporal changes in wind speed values at Samsun, Trabzon, and Zonguldak
airports in the Black Sea Region of Tiirkiye. To this end, monthly average wind
speeds and directions from the Turkish State Meteorological Service for the
period 2008-2023 were analyzed by Innovative Trend Analysis (ITA) and
Innovative Polygon Trend Analysis (IPTA). The present paper is comprised of
four chapters. Section 1 comprises a comprehensive literature review and the
purpose of the paper. Section 2 delineates the study area and the methodologies
that was employed. Section 3, the findings obtained as a result of the analyses are
evaluated. Finally, Section 4 presents the conclusions of the study.

2. Materials and methods
2.1. Study area

The Black Sea Region is a region where the wind effect is felt intensely due to its
environmental characteristics and geographical location. The region has the large
water mass of the Black Sea in the north and the Eastern Black Sea Mountains in
the south. This location causes the winds resulting from the pressure differences
between the sea and the land to become stronger. Especially northerly winds
blowing from the north and land winds from the northwest are dominant in the
region. While the breeze blowing from the sea to the land provides coolness in the
summer months, strong winds and storms are generally observed in the winter
months. In addition, the fact that the Eastern Black Sea Mountains lie parallel to
the coast creates an orographic effect on the speed and direction of the winds,
which can lead to sudden wind changes and turbulence in the region. This is a
decisive and critical factor for both local life and aviation operations.

Samsun-Carsamba Airport is an airport located in the Black Sea Region and
one of the important transportation points of the region. The airport, which was
opened in 1998, serves domestic and international flights. The runway layout is
designed parallel to the Black Sea and offers landing and takeoff opportunities for
wide-body aircraft with its 3,000-meter-long runway. Since it is geographically
close to the seashore, the effect of wind is carefully evaluated in operational
activities. Especially northerly winds and northwesterly winds can be decisive on
runway operations. In addition to commercial flights, the airport also serves
training flights and cargo transportation (DHMI, 2023).

Zonguldak Airport is an airport located on the Black Sea coast and opened
to civil aviation service in 2007. It is the only airport serving the Western Black
Sea Region of Tiirkiye. The airport's runway is 1,881 meters long and is generally
suitable for the landing and takeoff of small and medium-sized aircraft (DHMI,

73



2023). Due to its geographical location, intense winds and sudden changes coming
from the Black Sea may occasionally put flight operations at risk. In addition to
this information, the airport, located in the congested area between the sea and the
mountains, can create difficult conditions during landing and takeoff.

Trabzon Airport is one of the busiest airports in the Eastern Black Sea Region
and was put into service in 1957 (DHMI; 2023). The airport, which serves both
domestic and international flights, is an important transportation gateway as it is
the tourism and trade center of the region. The runway layout is designed parallel
to the Black Sea and has a length of 2,640 meters. Due to its geographical location,
the tight space between the sea and the mountains can cause wind turbulence.
Crosswinds and sudden wind changes can pose difficulties for pilots, especially
during landing (Scherllin-Pirscher et al., 2025; Yan and Song, 2024). Trabzon
Airport is the main entry point for many international flights to the Black Sea
Region and plays a critical role in the economic development of the region. The
location of these three airports can be seen in Fig. 3.

Samsun Carsamba Airport

Trabzon Airport

33.000

Fig.3. The location of airports.

2.2. Innovative Trend Analysis (ITA)

ITA was proposed by Sen (2012) with the objective of graphically examining the
trends of hydrometeorological parameters. The method involves dividing the time
series into two equal parts, sorting these parts from smallest to largest, and placing
the first part on the horizontal axis and the second part on the vertical axis, with
these parts positioned opposite each other in the distribution graph. The points
situated in the upper part of the 1:1 (45°) line demonstrate an increasing trend,
whilst the points positioned in the lower part exhibit a decreasing trend. ITA, as
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developed by Sen (2012), was further refined by Sen (2017a, 2017b) through the
incorporation of a statistical significance test (Egs.(1-6)).

E(s) =2 [E(R) — EG)] (1)

0,2 = = [E(3)? - 2E(7370) — EG)?] @)
Pyeye = E(W);;EZ—E@ 3)
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CLa1-o) = 0 % Scriticar0s (6)

In Egs.(1-6), E (s) represents the first-order moment of the slope, n represents the
data length, p represents the cross-correlation coefficient between the two halves,
o represents the standard deviation of the entire data series, g2 represents the
variance of the trend slope and o, represents the standard deviation of the slope.
Seritical Yepresents the Z value obtained from the standard normal distribution at
a certain confidence level. Should the gradient of the trend exceed the upper
confidence limit, it is considered to be an increasing trend; conversely, if it
exceeds the lower limit, it is considered to be a decreasing trend. If these
conditions are not met, it is considered that there is no statistically significant
trend at a certain confidence level. In this study, the ITA significance test was
performed at a 95% confidence level (Sen, 2017a,2017b, Giimiis et al, 2021,
2022; Nacar et al., 2022).

2.3. Innovative Polygon Trend Analysis (IPTA)

In the IPTA method developed by Sen et al. (2019), which can be applied to
different time scales, parameters such as the mean, minimum, maximum, standard
deviation and skewness of time series of hydrometeorological climate parameters
can also be used as input. Average values of parameters were used in this study.
In this method, as in ITA, time series are divided into two halves for all segments.
The mean of the two half-series for each segment is calculated and plotted in the
Cartesian coordinate system to create a polygon. In the graphical evaluation, the
process steps in ITA are followed (Sen et al., 2019; Ceribasi et al., 2021; Giimiis
et al., 2022; Hussain et al., 2023; Giines et al., 2024).
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3. Results

Knowing the prevailing wind direction is of critical importance for airport
designers, pilots and air traffic controllers to ensure the safety of flight operations.
First of all, the prevailing wind direction is a fundamental factor in runway design
and orientation. Runways are usually built against a headwind, because the
headwind allows aircraft to move safely over shorter distances during takeoff and
landing (/CAO, 2020). Knowing the prevailing wind direction also enables safer
approach and landing plans. By minimizing side and cross wind effects, pilots can
make a safer landing.

Moreover, information of prevailing wind direction provides effective
guidance in creating emergency strategies. It supports pilots in making the right
decisions by influencing the selection of alternative runways or airports in case of
a potential emergency landing situation. In addition, wind direction should be
taken into account when designing the land around the airport. As a result, it can
be said, that accurate analysis of the prevailing wind direction not only increases
flight safety, but also offers strategic advantages in terms of operational efficiency
and environmental sustainability.

In this study, monthly prevailing wind directions for the 16 years between
2008 and 2023 were examined for Samsun, Zonguldak, and Trabzon airports. In
this context, the prevailing wind directions are given in Table 1.

Table 1. Prevailing wind direction table

Airports 1 2345 6 7 8 9 10 11 12 GENERAL
Samsun S EEEE NNW NNW NNW SSEE SEE E E E
Trabzon SSWEEEE E SSW SSW  SSW SSW SSW SSW SSW
Zonguldak S EENN N NNW NNW E E E,S E.\S E

In this context, according to the results obtained from the data, the prevailing
wind direction for Samsun Carsamba Airport was determined as east (E), for
Trabzon Airport as south-southwest (SSW) and for Zonguldak Airport as east (E).
Airports were selected as Zonguldak in the west of the Black Sea Region, Samsun
in the middle, and Trabzon in the east in order to examine the behavior of the data
more effectively.

The temporal changes of the monthly mean wind speed values of Samsun,
Trabzon, and Zonguldak airports in the Black Sea region were investigated using
ITA and IPTA. The ITA results of the airports are presented in Table 2 and
Figs. 4, 5, and 6, while the IPTA results are presented in Table 2 and Fig. 7.
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Table 2. ITA and IPTA results

Samsun Trabzon Zonguldak
ITA IPTA ITA IPTA ITA IPTA
CLo.os S Trend Trend CLoss S Trend Trend CLo.9s S Trend Trend
Jan. 0.16 0.02 1 1 0.28 0.11 1 1 0.14 0.03 1 1
Feb. 0.17 0.03 1 1 0.33 0.09 1 1 0.18 0.06 1 1
Mar. 0.18 -0.02 l l 0.26 0.06 1 1 0.19 0.06 1 1
Apr. 0.15 0.00 - — 0.39 0.14 1 1 0.18 0.05 1 i
May. 0.15 0.03 1 1 0.39 0.13 1 1 0.18 0.05 1 1
Jun. 0.16 -0.03 1 ! 0.27 0.08 1 1 0.17 0.04 1 1
Jul. 0.16 0.01 1 1 0.31 0.10 1 1 0.18 0.04 1 1
Aug. 0.16 0.02 1 1 0.36 0.07 1 1 0.19 0.03 1 1
Sep. 0.14 0.01 1 1 0.30 0.11 1 1 0.16 0.03 1 1
Oct. 0.15 -0.02 1 1 0.29 0.12 1 1 0.15 0.03 1 1
Nov. 0.15 -0.02 1 1 0.32 0.14 1 1 0.17 0.06 1 1
Dec. 0.16 0.02 1 | 0.29 0.13 1 1 0.16 0.02 1 i
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Fig. 4. ITA graphical results for Samsun.
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Fig. 7. IPTA graphical results for Samsun, Trabzon, and Zonguldak.
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As demonstrated in Table 2 and Fig. 4, which incorporate the ITA results for
Samsun Airport situated within the Black Sea Region, it has been ascertained that
wind speed trends exhibit variation by month. An increasing trend was identified
in wind speed values in January, February, May, July, August, September, and
December. Conversely, a decreasing trend was identified in March, June, October,
and November. It is noteworthy that these increasing/decreasing trends are not
statistically significant, as they are below the limit values at the 95% confidence
level. In April, a value of “0” was calculated, indicating that wind speed did not
exhibit a trend in that month. According to the IPTA results presented in Table 2
and Fig. 7, they are parallel to ITA, with the exception of December. In
December, IPTA determined a decreasing trend. As demonstrated in Table 2,
Figs. 5 and 6, which incorporate the ITA and IPTA results of Trabzon airport in
the east of the Black Sea Region and Zonguldak airport in the west, an increasing
trend has been determined in all months at these two airports. These trends are not
statistically significant when they remain below the limit values at the 95%
confidence level.

The trend analysis of wind speed values at airports located in the center,
western and eastern of the Black Sea Region has revealed an increasing trend in
wind speeds in all months. According to the analysis results of Samsun, which is
located in the center of the region, has shown variations in the determined trends
according to the months of the year. The trend analysis results of the methods
employed across the region indicate a generally supportive relationship between
ITA and IPTA.

The influence of wind on air transportation holds significant importance in
terms of operational efficiency and flight safety. Research and practical
applications demonstrate that wind conditions play a pivotal role in shaping pilot
decision-making processes and influencing the performance of aircraft,
particularly during critical phases such as takeoff and landing. In this context,
such studies are useful and important.

The study makes a unique and important contribution to the literature on
reducing accident risks in airline transportation with the methods used and the
analysis of meteorological factors. In particular, the effects of wind factor on
flight safety are analyzed in detail and applicable recommendations are developed
in many areas from runway arrangements to pilot training programs. The study
provides a strategic basis for safer flight operations by determining the prevailing
wind directions at Samsun, Zonguldak, and Trabzon airports. In addition, by
predicting seasonal changes, the planability of flight operations is improved. The
integration of simulation technologies to mitigate wind-related risks in pilots'
decision-making processes has been proposed, and the sectoral benefits of these
applications have been emphasized. The effects of wind factor on fuel
consumption and flight times are also discussed in the context of environmental
sustainability, and it is stated that these findings can shed light on sectoral
innovations. In long-term planning, the potential impacts of climate change on
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wind patterns should be considered. This study makes an important contribution
to the future of the aviation industry, both theoretically and practically.

4. Conclusion

The effects of wind on air transport play a critical role in terms of operational
efficiency and flight safety. In this study, 16 years of wind data for Samsun,
Zonguldak, and Trabzon airports are analyzed, and the wind dynamics of the
region are presented in detail. The findings of the study once again emphasized
the importance of the wind factor not only in terms of flight safety but also in
terms of airport infrastructure planning, development of pilot training
programmes, and sectoral efficiency.
1. Regional wind characteristics and environmental factors
Geographical and climatic features in the Black Sea Region are the main
factors determining the wind behavior in the region. Especially the locations
of Samsun, Zonguldak, and Trabzon airports between the sea and the
mountains cause difficulties such as orographic effects and sudden wind
changes. In this study, it was determined that south-southwesterly winds
prevail in Trabzon and easterly winds prevail in Samsun and Zonguldak.
This information can be used to make flight operations in the region safer.

2. Contribution of methods: ITA and IPTA analyses

Innovative Trend Analysis (ITA) and Innovative Polygon Trend Analysis
(IPTA) methods are the main analysis tools of this study. Thanks to these
methods, changes in wind speeds and directions were analyzed in detail.
Especially understanding the seasonal changes will increase the
predictability in flight operations. The usability of these methods in airport
design, risk management, and long-term planning provides a significant
advantage.

3. Airport design and safety improvements
Wind factor plays a critical role in runway routing and airport layout. The
findings of the study show that runway arrangements considering the
prevailing wind directions will increase takeoff and landing safety. It can be
emphasized that alternative runway designs should be evaluated, especially
in areas where the side wind effect is intense.

4. Updating pilot training programmes

The effects of wind on flight are of great importance in the decision-making
processes of pilots. In this context, the development and integration of
simulation technologies into pilot training programmes will play a key role
in the management of wind-related risks. Pilots who experience especially
hazardous weather conditions in simulation environment will be more
prepared for real operations.
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5. Operational efficiency and environmental sustainability

The impact of the wind factor on fuel consumption and flight times is also
important in terms of environmental sustainability. More effective utilization
of natural advantages such as jet streams can reduce environmental impacts
by saving fuel. The study reveals the potential for such impacts to improve
operational efficiency.

6. Climate change and future strategies

Climate change may lead to changes in wind patterns, posing new
operational challenges. Therefore, the effects of climate change need to be
taken into account in long-term planning. The ITA and IPTA methods used
in this study provide a suitable basis for long-term monitoring of such
changes.

7. Importance of local microclimatic analyses

Microclimatic analyses specific to each airport will provide a better
understanding of wind factors. Especially at airports with different
geographical characteristics such as Trabzon, Zonguldak, and Samsun, local
analyses can provide critical data to improve flight safety.

8. Land use and landscaping

Planning the land arrangements around the airports by considering the wind
directions will be effective in reducing operational risks. The prevailing wind
directions determined in the study can provide guidance for environmental
regulations and construction around the airport.

9. Standardisation of data use and technology integration
Standardization of long-term wind data and integration with new
technologies can increase operational efficiency. In particular, the
integration of artificial intelligence-supported decision support systems will
enable real-time analysis of wind data, offering both security and economic
advantages.

10. Multidisciplinary cooperation and future investments

Effective management of the wind factor requires the cooperation of
different disciplines such as meteorology, engineering, air traffic control, and
pilotage. Strengthening this co-operation will contribute to the sector both
technically and economically. Furthermore, increasing investments in
technological developments should be a strategic priority for the future of
the aviation sector.

As a result, wind factor management is of great importance not only for flight
safety but also for operational efficiency, environmental sustainability, and
infrastructure planning. This study has made significant contributions to the
understanding and management of wind effects and has shed light on future
studies. With long-term strategic plans, technological innovations, and
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interdisciplinary cooperation, the aviation industry can achieve a safer, more
efficient, and sustainable structure.
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