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In this thesis study, climate change's takeoff performance in terms of takeoff distance
and climb rate for the Boeing 737-800 aircraft type was investigated. Future takeoff
distance predictions are important to ensure that flights are carried out reliably and
safely. Investigating the impact of climate change on aviation is important in order to
prevent incidents such as accidents and property.
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VARIABILITY OF TAKEOFF DISTANCE AND CLIMATE RATE DUE TO
CLIMATE FACTORS

SUMMARY

Climate change, resulted from increased fossil fuel combustion after the Industrial
Revolution, has triggered a persistent global warming trend. Rapidly increasing
global temperatures have a significant impact on the aviation industry, and a
comprehensive understanding of their impacts is required to ensure the safety and
efficiency of future flight operations. As a result of rapidly increasing global
temperatures, aircraft performance during takeoff is considerably endangered,
affecting important measurements such as weight considerations and fuel
consumption, which are especially important at airports with shorter runways or
higher altitudes. The interaction between rising temperatures and lower air density
amplifies the challenge of generating sufficient lift force for aircraft taking off in less
dense air. These adverse conditions greatly affect prominent parameters that
determine takeoff performance, including takeoff distance and climb rate. As
temperatures soar and pressure altitudes alter, the future forecast for aviation
operations is determined by increased takeoff distances and descended climb rates.
This comprehensive study scrutinizes the impact of climate change on takeoff
distance and climb rates across ten prominent Turkish airports. The findings reveal a
very clear fact: there are significant air temperature increases as well as different
changes in pressure altitudes between these airports. Projections emphasize
inevitable heightened takeoff distances and descended climb rates, all stemming from
the anticipated elevation in temperatures and pressure altitudes. Examining distinct
time frames 1980-2010 (past), 2023-2053 (near future), and 2069-2099 (far future)
during the summer months reveals a changing trend. Anticipated average takeoff
distance increments by 1-3% from 1980-2010 to 2023-2053 and leaps by 4-7% from
2023-2053 to 2069-2099. Conversely, average climb rates are anticipated to decline
by 1-2% from 1980-2010 to 2023-2053 and descent by 3-5% from 2023-2053 to
2069-2099. Furthermore, these insights underline a critical necessity: the aviation
industry must proactively devise adaptive strategies and technological advancements
to alleviate the projected impacts of climate change on flight operations. The
significant correlations between rising temperatures, fluctuating pressure altitudes,
and the intricate dynamics of flight highlight the urgent need for ongoing research
and innovative solutions within the aviation sector. Determining these challenges
becomes crucial not only for operational safety but also for encouraging sustainable
aviation practices that overcome the challenges that emerge from climate change.
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IKLiM FAKTORLERINE BAGLI KALKIS MESAFESi VE TIRMANMA
ORANI DEGISIKLiGi

OZET

Iklim degisikligi, genellikle on yillardan yiizyillara uzanan zaman dilimlerinde
gozlemlenen ve genis bir yelpazedeki degisiklikleri igeren bir kavramdir. Bu
degisiklikler, sicaklik farkliliklari, yagis desenlerindeki degisiklikler, deniz seviyesi
yiikselmesi ve firtinalar, kurakliklar ve sicak hava dalgalar1 gibi hava olaylarinin
degismesini icerir. Bu doniisiimiin temel nedenlerinden biri insan faaliyetleridir.
Fosil yakitlarin yakilmasi, endiistriyel siirecler, ormansizlasma ve cesitli arazi
kullanimi1 degisiklikleri, atmosferde 6zellikle karbondioksit, metan ve azot oksit gibi
sera gazlariin konsantrasyonlarinda énemli bir artisa yol agmistir. Bu gazlar, sera
etkisi olusturarak atmosferdeki 1siy1 tutup gezegenin isinmasina neden olurlar. Bu
etkiye genellikle kiiresel 1sitnma denmektedir. Iklim degisikliginin sonuglar1 cesitlidir
ve genis kapsamlidir. Ekosistemleri, biyogesitliligi, tarimi ve insanlarin gegim
kaynaklarim etkilemektedir. Yiikselen sicakliklar, asir1 hava olaylarinin sikligini ve
yogunlugunu etkileyebilir, bu da daha sik sicak hava dalgalari, yogun yagislari, artan
sel risklerini ve cesitli bolgelerde uzun siireli kurakliklar1 beraberinde getirmektedir.
Ayrica, kutup buzullarinin ve buzullarin erimesi, deniz seviyesinin yiikselmesine
neden olarak kiyr topluluklari ve habitatlar icin tehdit olusturmaktadir. iklim
degisikligiyle miicadele kiiresel isbirligi ve cesitli sektorlerde ortak cabalar gerektirir.
Bu, daha temiz ve yenilenebilir enerji kaynaklarina geg¢is yapmayi, endiistrilerden
karbon emisyonlarin1 azaltmayi, stirdiiriilebilir tarim uygulamalarini tesvik etmeyi,
orman korumasini artirmay1 ve iklim degisikliginin etkilerini azaltmay1 ve bunlara
uyum saglamayr amaglayan politikalarin uygulanmasini igerir. Bilim insanlari,
politika yapicilar ve diinya genelindeki toplumlar, gezegenin ekosistemlerine kalici
zararlar1 6nlemek ve gelecek nesiller i¢in stirdiiriilebilir bir gelecek saglamak icin
sera gazi emisyonlarini azaltma ve kiiresel sicaklik artigini sinirlama konusunda etkili
adimlar atmanin aciliyetini vurgulamaktadir. Bunun sonucunda da hizla yiikselen
kiiresel sicakliklarin etkileri pek ¢ok sektorii etkilese de, havacilik endiistrisi tizerinde
belirgin bir etkiye sahip olmustur. Havacilik endiistrisi, iklim degisikliginin etkilerini
en yogun sekilde hisseden sektorlerden biri haline gelmistir. Ugus operasyonlarinin
gelecekteki giivenligi ve verimliligi i¢in, bu etkilerin derinlemesine anlagilmasi ve
Ongoriilmesi biiylik 6nem tagimaktadir. Ugaklarin performansi, hava kosullarindan
dogrudan etkilenir ve kiiresel 1sitnma bu performansi ciddi sekilde etkilemektedir.
Ozellikle artan sicakliklarin, ugaklarm kalkis ve inis performansi iizerinde biiyiik bir
etkisi bulunmaktadir. Daha yiiksek sicakliklar, ugaklarin kalkis mesafesini uzatirken,
tirmanig oranlarini azaltmaktadir. Bu durum ozellikle kisa pistlere veya yiiksek
rakimli havalimanlarina sahip bolgelerde ciddi operasyonel zorluklar yaratabilir.
Kalkis ve inig agamalarindaki performansin yani sira, ucaklarin yakit tiiketimi ve
agirhigi da sicaklik artislarindan etkilenmektedir. Diisiik hava yogunlugu, ugaklarin
gerekli kaldirma kuvvetini saglamak icin daha fazla mesafe ve enerji gerektirir. Bu
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da, daha fazla yakit tiiketimine ve dolayisiyla daha yiiksek isletme maliyetlerine
neden olabilir. Bu durumun irdelenmesi ve anlasilmasi, havacilik endiistrisinin
gelecekteki operasyonlarini planlarken 6nemli bir faktordiir. Hava sartlarindaki
degisikliklerin ve sicaklik artislarinin dogru bir sekilde analiz edilmesi, daha etkili
ucus giivenligi politikalar1 ve operasyonel stratejiler gelistirilmesine yardimci
olabilir. Bu baglamda, iklim degisikligiyle miicadele etmek ve havacilik sektoriinii
stirdiiriilebilir hale getirmek i¢in teknolojik inovasyonlar ve ¢oziimler iizerine yogun
bir arastirma ve gelistirme siireci onem arz etmektedir. Sicakliklardaki artis ve basing
irtifalarindaki  degisim, havacilik operasyonlarinin  gelecekteki tahminlerini
belirlemede belirgin bir rol oynuyor. Oniimiizdeki donemlerde, iklim degisikliginin
etkisiyle artan sicakliklarin ve degisen basing irtifalarmin, ugus operasyonlari
tizerinde kagmilmaz etkileri olacagi dngoriiliiyor. Bu degisikliklerin, 6zellikle kalkis
asamasinda ucak performansi {iizerinde dogrudan ve belirgin bir etkisi olmasi
bekleniyor. Artan sicakliklar, ucaklarin kalkis mesafesini uzatarak, tirmanma
oranlarini azaltarak ve gerekli kaldirma kuvvetini saglamak icin daha fazla enerji
gerektirerek operasyonel zorluklar yaratabilir. Benzer sekilde, degisen basing
irtifalar1 da ucus parametrelerini etkileyerek operasyonel stratejilerin revize
edilmesini  gerektirebilir. Bu nedenle, havacilik endiistrisinin ~ gelecekteki
operasyonlarint planlarken, bu degiskenlerin g6z Onilinde bulundurulmast ve
adaptasyon stratejilerinin gelistirilmesi 6nem arz etmektedir. Bu ¢alisma, havacilik
endiistrisinde iklim degisikliginin ucgak kalkis performansi {izerindeki etkisini
arastirmayr amaglamaktadir ve oOzellikle Boeing 737-800 wug¢agi icin iklim
degisikligine atfedilen kalkis mesafesindeki degisiklikleri degerlendirmektedir. iklim
degisikliginden kaynaklanan sicakliklardaki artis, ucaklar i¢in gereken artan kalkis
mesafeleriyle dogrudan iliskilidir. Bu kosullar altinda, ugaklar ya kargo kapasitesini
ve yakit yiiklerini azaltmak ya da yolcu kapasitesini sinirlamak zorunda kaliyor ve
sonu¢ olarak havayolu tasimacilif1 sektoriinde artan harcamalara yol aciyor. Bu
zorluklara kars1 koymak i¢in potansiyel ¢oziimler, degisen sicaklik diizenlerine ve
ardindan kalkis mesafelerindeki artiglara yanit olarak havaalani pist uzunluklarinin
uyarlanmas1 gerekmektedir. Iklim degisikliginin havacilik sektdrii iizerindeki
etkilerinin arastirilmasi, yaklagan ugus operasyonlarinin giivenliginin korunmasi
acisindan biiylik 6nem tagimaktadir. Bu arastirma, ugus operasyonlarinin emniyetli
bir sekilde gerceklestirmesini, iptaller ve divert gibi ucus kesintileri sirasinda olusan
hem maddi hem de manevi kayiplari azaltmayr amaglamaktadir. Caligmada
Tiirkiye'nin 6nde gelen on havalimaninda iklim degisikliginin kalkis mesafeleri ve
tirmanma oranlar1 iizerindeki etkisini detayli bir sekilde incelemektedir. Bu
havalimanlar1 Trabzon Havalimani (TZX), Kars Harakani Havalimani1 (KSY),
Tekirdag Corlu Havalimam (TEQ), Istanbul Havalimani (IST), Ankara Esenboga
Havaliman1 (ESB), Konya Havalimam1 (KYA), Gaziantep Oguzeli Havaliman
(GZT), Diyarbakir Havalimani (DIY), Mugla Dalaman Havalimam1 (DLM) ve
Antalya Havalimani (AYT)’dir. Calismada yaz aylarina ait ( haziran, temmuz ve
agustos) glinliik ortalama hava sicaklig1 verileri ve giinliik ortalama deniz seviyesi
basing verileri kullanilmistir. Kullanilan veriler, 1980-2010 periyotlar1 i¢cin ERAS
(ECMWF Yeniden Analizi) ve. CMIP6 MPI-ESM1-2-LR tarihsel veri setleri
kullanilmistir. 2023-2053 ve 2069-2099 yillart i¢in ise CMIP6 MPI-ESM1-2-LR
SSP5-8.5 simiilasyon verileri kullanilmistir. Bu analiz, sadece bireysel
havalimanlarindaki degisiklikleri degil, aym1 zamanda genel egilimleri ve bu
egilimlerin sektdre olan potansiyel etkilerini de degerlendirmeyi amaglamaktadir.
Elde edilen bulgular, sadece hava sicakliklarinda yasanan ciddi artislar1 degil, ayni
zamanda farkli havalimanlari arasinda basing irtifalarinda da degisiklikler oldugunu
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ortaya koymaktadir. Bu degiskenlikler, ucus operasyonlarin1 dogrudan etkileyebilir
ve farkli hava kosullarina sahip havalimanlarinin ugus performanslari tizerinde farkli
sonuglar dogurabilir. Bu verilerin analizi, gelecekteki havacilik operasyonlarinin
planlanmas1 ve yonetilmesi i¢in 6nemli bir rehber niteligi tasimaktadir. Gegmis,
yakin gelecek ve uzak gelecek donemlerdeki yaz aylarini kapsayan analizler, belirli
bir trendin varhigin1 gdstermektedir. Bu analizler, onliimilizdeki yillarda havacilik
operasyonlari iizerinde beklenen degisikliklere dair 6nemli ipuglari sunmaktadir. Yaz
aylarinda 1980-2010 (geg¢mis), 2023-2053 (yakin gelecek) ve 2069-2099 (uzak
gelecek) arasindaki farkli zaman dilimleri incelendiginde degisen bir trend ortaya
¢ikmaktadir. Tahmin edilen ortalama kalkis mesafesi 1980-2010'dan 2023-2053'e
%1-3 oraninda ve 2023-2053'ten 2069-2099'a ise %4-7 oraninda artmasi
beklenmektedir. Tersine, ortalama tirmanma oranlarinin 1980-2010'dan 2023-2053'e
kadar 9%1-2 oraninda ve 2023-2053'ten 2069-2099'a kadar ise %3-5 oraninda
azalmast beklenmektedir. Boeing 737-800 wugak tipi i¢in Kars Harakani
Havalimani'nda yaz aylarinda ortalama kalkis mesafeleri gecmis donemde 2200
metre, yakin donemde 2244 metre, uzak donemde ise 2376 metre olmasi
beklenmektedir. Diyarbakir Havalimani igin yaz aylarinda ortalama kalkis
mesafeleri; gegcmis donemde 2596 metre, yakin gelecekte 2640 metre, uzak gelecekte
ise 2794 metre olmast beklenmektedir. Bu veriler, uzun vadede havacilik
operasyonlariin temel parametrelerinde meydana gelebilecek degisimleri 6ngdrme
konusunda bize fikir vermektedir. Bu trendler, havacilik endiistrisinin gelecekteki
planlamalar1 ve stratejik uygulamalar1 {izerinde derinlemesine diigiinmeyi
gerektirebilir. Bu tahminler, havacilik endiistrisinin karsilasacagi Oonemli bir
zorunluluga isaret etmektedir: Bu karmasik etkilesimlerin anlasilmasi, havacilik
sektoriliniin silirdiiriilebilirlik ve operasyonel etkinlik acisindan daha uygun stratejiler
belirlemesine yardimci olabilir. Bu nedenle, siirekli arastirma ve yenilik¢i ¢oziimlere
olan yatirim, havacilik endiistrisinin iklim degisikligiyle miicadeledeki roliinii
giiclendirebilir. Bu zorluklarin belirlenmesi, havacilik endiistrisi i¢in sadece
operasyonel giivenlik acisindan degil, ayn1 zamanda iklim degisikliginin yarattig
zorluklar1 asmak icin stirdiriilebilir havacilik uygulamalarinin tesvik edilmesi
acisindan da son derece onemlidir. Bu durum, sektoriin ¢evresel etkileri azaltma ve
operasyonel verimliligi artirma yoniinde yeni teknolojiler ve stratejiler gelistirme
konusunda odaklanmasini  gerektirmektedir. Operasyonel etkinliklerin  ve
teknolojilerin yeniden disiiniilmesiyle, sektor karbon ayak izini azaltabilir ve
cevresel etkileri minimize edebilir. Yenilik¢i yaklasimlarin benimsenmesi, sadece
havacilik sektorii i¢in degil, ayn1 zamanda cevre i¢in de dnemli bir adim olabilir. Bu
sireg, havacilik endistrisinin iklim degisikligiyle miicadelede liderlik roli
istlenmesini saglayabilir.
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1. INTRODUCTION

Since the Industrial Revolution, there has been a recorded rise of about 1°C in the
average global surface temperatures, especially observed following 1980 (Lee and
Romeo, 2023). As a consequence of climate changes, there's a considerable rise in
the rate of temperature increase, affecting both average and maximum temperatures
(Stott et al, 2004). The projected rise in average temperatures and escalating
warming is anticipated to heighten the likelihood of severe heatwaves (Kumar et al,
2014; Horton et al, 2016). Reducing greenhouse gas emissions from the aviation
sector poses significant challenges. As flight frequencies surge, this industry is
poised to contribute increasingly higher volumes of greenhouse gas emissions
(Andres and Padilla, 2018). Although there exists research on the influence of
greenhouse gas emissions from the aviation sector on climate change, there remains a
noticeable gap in the research concerning the aviation industry's strategies for
adapting to climate change (Burbidge, 2018). Shifts in tourism and agricultural
practices resulting from rising temperatures due to global warming also lead to
variations in the volume of both passenger and freight transportation within the
aviation sector (Koetse and Rietveld, 2009). The aviation sector, as of now, hasn't
achieved significant success in proactively implementing measures to counteract
climate change and adequately readying itself in response (Banister, 2019). However,
there has been a recent surge in scrutinizing the present and prospective impacts of
climate change on the aviation industry (Horton et al, 2016; Coffel et al, 2017). The
impacts of climate on aviation encompass alterations in precipitation and temperature
patterns, fluctuations in wind dynamics, rising sea levels, and the occurrence of
extreme weather events (Burbidge, 2018). Periodic disturbances in flight operations
often stem from various factors, with weather conditions emerging as one of the
foremost causes (Koetse and Rietveld, 2009; Lan et al, 2006). As climate change
progresses, the surge in extreme weather events and conditions might potentially
escalate expenses and contribute to a higher incidence of accidents within the

aviation sector (Koetse and Rietveld, 2009). The arrangement, direction, and quantity



of runways are influenced by various elements like the dominant wind patterns, the
topography surrounding the airport, the geographical coordinates of the region,
temperature fluctuations across a two-decade span, and the elevation of the airport
(Url-1; Sarsam and Ateia, 2011). For a particular runway and aircraft type, there
exist specific thresholds in terms of Maximum Takeoff Weight (MTOW) and
temperature. If these limits are surpassed, a payload restriction is enforced to
facilitate the aircraft's takeoff (Coffel and Horton, 2016). High temperatures and low
atmospheric pressure lead to decreased air density, subsequently reducing the
necessary lift force for aircraft (Coffel and Horton, 2015). In instances where air
density is low, planes need to attain increased speeds to generate a requisite lift force
and consequently ascend at a slower rate (Anderson and Bowden, 2005). Airports
situated at elevated altitudes experience diminished air density due to the reduced
atmospheric pressure, contributing to compromised takeoff performance in aircraft,
thus necessitating longer takeoff distances. Calculations for takeoff distances and
climb rates are contingent upon temperature and pressure variations to ensure safe
flight operations (Url-2). Multiple elements, encompassing the specific aircraft
model, contribute to the assessment of runway lengths within an airport. The sizing
specifications for runways often derive from the A380, recognized as the largest
aircraft globally. The International Civil Aviation Organization (ICAQO) has defined
distinct runway categories along with their respective dimensions in length and width
(Shinde et al, 2019). The consideration of takeoff distance is pivotal in ensuring the
efficiency, safety, and meticulous design of airports, exerting a substantial influence

on their planning and architectural framework (Young and Wells, 2011).

1.1 Aim of Thesis

This study aims to investigate the impact of climate change on aircraft takeoff
performance within the aviation industry and specifically assesses the alterations in
takeoff distance attributed to climate change for the Boeing 737-800 aircraft. The
elevation in temperatures resulting from climate change directly correlates with
expanded takeoff distances required for aircraft. Under these circumstances,
airplanes are compelled to either diminish cargo capasity and fuel loads or limit
passenger capacity, consequently leading to amplified expenses within the airline

transportation sector. To counter these challenges, potential solutions may involve



adapting airport runway lengths in response to the evolving patterns of temperature
and subsequent increases in takeoff distances. Exploring the ramifications of climate
change on the aviation sector holds paramount importance in safeguarding the safety
of forthcoming flight operations. This research endeavors to curtail both tangible and
intangible losses incurred during flight disruptions such as cancellations and

diversions, among comparable scenarios.

1.2 Literature Review

Variability in the temperatures is a main factor in the flight operations. In the course
of almost all the flights weight restriction is a significant factor which is altered and
adapted due to local temperature. Recent studies focusing on weight restrictions due
to high temperatures explained that the aircraft type determines the amount of the
restrictions (Coffel et al, 2017; Zhao and Sushama, 2020). For instance Coffel et al,
(2017), examined the change in the size and frequency of weight restrictions for five
common commercial aircraft, Boeing 737-800, Airbus A320, Boeing 787-8, Boeing
777-300 and Airbus A380, was calculated for 19 airports in America. Future daily air
temperatures were analyzed using 27 general circulation models (GCMs) from the
Coupled Model Intercomparison Project Phase 5 (CMIP5) model suite under both the
Representative Concentration Pathway (RCP) 4.5 and 8.5 emissions scenarios. In
their study, the increases in weight restrictions for Boeing 777-300 and Boeing 787-8
aircraft types were expected to be high, while the restrictions on A320 and Boeing
737-800 aircraft types were expected to be less (Coffel et al, 2017). Zhao and
Sushama, (2020), who are among other researchers studying aircraft types observed
point data set from previous years and ERA5 (ECMWF Re-Analysis) data set was
used to control this data. For future simulation data sets, they evaluated daily
maximum temperature, daily minimum temperature and wind data for 13 major
airports in Canada using (RCP) 4.5 and 8.5 scenarios. As a result of these
evaluations, they divided aircraft types into 3 groups in order to make weight
restrictions. According to these groups, changes that may occur in aircraft takeoff
performance due to weight restriction days, strong tail wind and crosswind
formations were evaluated. As a result of the evaluations, they found that due to the
increase in daily maximum temperatures of airports in Canada, the weight restriction

depends on the latitude, longitude and altitude of the airport, and also depends on the



aircraft category. They revealed that necessary precautions and decisions should be
taken to prevent aircraft performance from decreasing due to climate change (Zhao
and Sushama, 2020).

Differences arising due to temperature change and temperature increase not only
affect weight restriction, but also takeoff performance, takeoff distance and climb
rate are also greatly affected. In studies conducted for this purpose, it is stated that
temperature change has a significant effect on takeoff performance (Zhou et al, 2018;
Wang et al, 2023; Burbidge et al, 2023). Zhou et al (2018) on this subject examined
the effect of climate change on the takeoff performance of aircraft, including takeoff
distance and climb rate, for 30 international airports in the world. They divided the
times into 3 groups: historical period (1976-2005), mid-century (2021-2050) and late
century (2071-2100) and revealed the effect of temperature change in these periods
on takeoff performance. Daily average temperature and daily average sea level
pressure data measured for the historical period were used CMIP5 data were used for
daily average temperature and daily average sea level pressure model data. As a
result of the calculations, they found that the takeoff distance for the Boeing 737-800
aircraft type increased by 3.5-168.7 m in the summer months at 30 airports in the
world (Zhou et al, 2018). Another study on takeoff distance was done by Wang et al,
(2023) examined the decrease in takeoff performance of aircraft due to global
warming for 8 airports in China. Using Community Earth System Model version 1
(CESM1) and Boeing Performance Software (BPS), the changes in the MTOW
restrictions and takeoff distance of aircraft as the temperature increased were
examined. In the study, using the RCP 8.5 scenario, it was revealed that the
maximum temperature in the summer months increased in the coming years (2071-
2080) and accordingly the takeoff distance increased, but the maximum takeoff
weight decreased. As a result of the analysis, it was found that the number of
restricted days in some airports in China reached 10, 15, 19 days and the departure
distances increased in the range of 113-222 meters (Wang et al, 2023). Burbidge et
al, (2023) have examined the effects of climate change on aviation and the
precautions and adaptations that need to be taken as a result of these effects in 131
articles published so far. By examining many articles, they have demonstrated that
the takeoff performance of aircraft will decrease as daily maximum temperatures

increase and wind values intensify. Due to the increase in temperatures, takeoff



distance increases and causes the MTOW to decrease. In addition, increases in
temperature may cause fire risks, damage to runways and taxiways, and damage to
the equipment used. To avoid these problems, adaptations have been found, such as
reducing the load capacity by carrying fewer passengers or fuel, making flight plans
that do not coincide with the hottest hours of the day, wider and longer runways can
be built.






2. MATERIAL AND METHOD

2.1 Data and Study of Area

The research encompassed ten Turkish airports, examining Figure 2.1 for the map
delineating their locations and Table 2.1, which details airport codes, names, latitude,

longitude, and altitudes.
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Figure 2.1 : The geographic coordinates for ten airports situated in Tiirkiye.

Table 2.1 : Information regarding the International Air Transport Association
(IATA) and International Civil Aviation Organisation (ICAQO) codes, as well as the
latitude, longitude, and altitude specifics of ten Turkish airports, was obtained from

the General Directorate of Meteorology (MGM).

Airports IATA ICAO  Altitude Longitude  Latitude
Code Code (m)

Trabzon Airport TZX LTCG 39 39.7830 40.9950
Kars Harakani Airport KSY LTCF 1795 43.1116 40.5640
Tekirdag Corlu Airport TEQ  LTBU 160 27.9193 41.1388

Istanbul Airport IST LTFM 91 28.7288 41.2647

Ankara Esenboga Airport ESB LTAC 959 32.9992 40.1240
Konya Airport KYA LTAN 1031 32.740 37.9837
Gaziantep Oguzeli GZT LTAJ 700 37.4617 36.9468
Airport
Diyarbakir Airport DIY LTCC 674 40.2027 37.8973
Mugla Dalaman Airport DLM  LTBS 5 28.7896 36.7229
Antalya Airport AYT LTAI 64 30.7990 36.9063




It focused on daily summer averages between 1980 and 2010. ERAS data provided
the basis for temperature and sea level pressure values. For future and historical
simulations spanning 1980-2010, 2023-2053, and 2069-2099, high-resolution daily
average temperature and sea level pressure data from the Max Planck Institute Earth
System Model (MPI-ESM1-2-LR) were utilized.

2.2 Bias Correction

Technological progressions, notably in computing capabilities, have facilitated the
creation of high-definition climate simulations via GCMs (Obada et al, 2016).
Nonetheless, scrutinizing GCMs at a regional level can unveil notable disparities and
inconsistencies (Jose and Dwarakish, 2022). The Bias Correction method is utilized
as a corrective measure to rectify discrepancies present in climate models (Piani et al,
2010). Six distinct methods for Bias Correction include Delta change, Linear
Scaling, Empirical Quantile Mapping, Adjusted Quantile Mapping, Gamma-Pareto
Quantile Mapping, and Quantile Delta Mapping (Jose and Dwarakish, 2022). This
study employed the Linear Scaling Method among the Bias Correction techniques to
rectify high-resolution daily average temperature and sea level pressure simulations
from the MPI-ESM1-2-LR, integrated within the Coupled Model Intercomparison
Project Phase 6 (CMIP6) (Jose and Dwarakish, 2022).

TcBoelt(d) = Tcont(i) + /’lm(Tobs(i)) - .um(Tcont(i)) (2-1)
Tslign(d) = Tscen(i) + .um(Tobs(i)) - .um(Tcont(i)) (2-2)

Equation 2.1 depicts T2C . (d) as the bias corrected historical temperature data, while
Equation 2.2 portrays TS, (d) as the bias corrected future temperature data. T, (i),
Tscen (1), Teone (1) and u,,, denote observed temperature data, daily future simulated

data, daily historical simulated data, and monthly average values, respectively.

Linear Scaling method, one of the Bias Correction methods, was made using the
Python module. The intent behind this Python module and its accompanying data
structures is to mitigate disparities within modeled and observed climate data across
diverse timeframes. Historical data serves as a reference to calibrate present and
future time series variables, aligning their distributional characteristics closer to

potential real-world values (Figure 2.2).



In Figure 2.3, the method of Linear Scaling for bias correction shows effective in
adjusting climate variables to reduce disparities in mean values evident between
forecasted and observed time-series across historical and forthcoming periods (Url-
3).

For ten airports in Tiirkiye, the average temperature and sea level pressure data from
past summers (1980-2010) were adjusted using the Linear Scaling method, a Bias
Correction technique, to align with the temperature and sea level pressure projections
for the near future (2023-2053) and far future (2069-2099) derived from the CMIP6
model.

Historical Future
change
Model output : * Model output
I‘....-.-..-...--..-....-.’
Biag foeesemsmrmmenimiiai b | adjust
Observations Bias adjusted

Figure 2.2 : Schematic representation of the Bias Correction method (Url-2).

»»» 1mport xarray os xr

2 »»» from cmethods import CMethods as cm

3

4 »»» # Note: The data sets must contain the dimension "time”

5 »ry £ for the respective variable.

b »»» obsh = xr.open_dataset("path/to/reference_data-control_period.nc™)
7 »»» simh = xr.open_dataset("path/to/modeled_data-control_period.nc”)

3 »»» simp = xr.open_dataset("path/to/the_datsset_to_adjust-scenario_period.nc")
9 »»» variable = "tas" # temperatures
1a
11 »»» 1s_adjusted = cm.linear_scaling(
12 - obs=obs[variable],
13 - simh=simh[variable],
14 - simp=simp[variable],

15 234 kind="+"

Figure 2.3 : Python code of linear Scaling method (Url-2).



2.3 Calculation of Pressure Altitude

The altitude reading indicated on the altimeter at 1013 hPa, configured under
standard atmospheric conditions, defines pressure altitude (AP). These values hold
significance in the assessment of aircraft takeoff performance (Url-3). When
assessing aircraft takeoff performance, the significance of barometric altimeter
values is paramount. Calculations for the airports investigated in Tiirkiye, pressure
altitude values (AP in m) for different periods, including the past (1980-2010), near
future (2023-2053) and far future (2069-2099) are shown in Table 2.2 AP formulas
consisting of two steps are as follows (Zhou et al, 2018: Lente and Osz, 2020) :

P 0.1903
AP = (1 - (101325) ) x 44308 (2.3)

T )5.257

P=p, (T+0.0065h (24)

Equation 2.3 employs "P (Pa)" to represent the real air pressure in pascals, obtained
using the barometric formula. Equation 2.4 utilizes "Po (Pa),” "T (K)," and "h (m)" to
denote sea level pressure, air temperature, and altitude above sea level, respectively.
According to these equations, a drop in air pressure corresponds to a rise in pressure
altitude.

Table 2.2 : Over the span of past period (1980-2010), near future (2023-2053), and
far future (2069-2099), pressure altitude (AP, m) calculations for ten Tiirkiye airports
were evaluated.

Past Period Near Far Future

Future

(1980-2010)

(2069-2099)

Airports AP (m) (2023-2053) AP (m)
Values AP (m) Values
Values

Trabzon Airport (TZX) 51.1637 52.7121 61.7668
Kars Harakani Airport (KSY) 1733.6790 1723.9190 1702.1998
Tekirdag Corlu Airport (TEQ) 160.7465 165.7958 180.5274
Istanbul Airport (IST) 95.7336 101.1267 116.5376
Ankara Esenboga Airport (ESB) 935.1762 932.5688 930.5111
Konya Airport (KYA) 1006.3167 1004.9897 1003.3954
Gaziantep Oguzeli Airport (GZT)  726.4097 729.1362 733.3810
Diyarbakir Airport (DIY) 715.7046 716.4794 719.8108
Mugla Dalaman Airport (DLM) 51.1637 61.4691 75.1488
Antalya Airport (AYT) 111.8857 120.4639 132.1255
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The Pressure altitude values for each airport have been calculated using the corrected
temperature and sea level pressure data derived from Equations 2.3 and 2.4 for the

past, near future, and far future periods.

2.4 Koch Chart

The derived pressure altitude values, adjusted through Bias Correction considering
temperature and sea level pressure, are utilized to evaluate their impact on takeoff
performance. To analyze this influence on takeoff performance, the assessment
involves the application of the Koch Chart diagram (Figure 2.4). The Koch Chart
diagram allows for the calculation of the rise in takeoff distance factor percentage
and the decline in climb rate factor percentage. It offers insights into various

parameters influencing the takeoff performance of multiple aircraft types (Url-3).
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Figure 2.4 : Koch Chart (Url-4).
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For the ten airports in Tiirkiye, the average summer temperatures (°C) and pressure
altitude (feet) values for the past, near future, and far future have been plotted on the
Koch Chart. Calculations have been performed to determine the percentage
increments in takeoff distance factor and decrements in climb rate factor across each

timeframe.

2.5 Calculation of Takeoff Distance and Climb Rate

Every aircraft necessitates a particular takeoff distance, denoted as takeoff distance
(TD), which depends on the aircraft's velocity and acceleration characteristics (Hurt,
1965). Equation 2.5 presents a method to estimate the TD by multiplying the takeoff
distance factor (f;), derived from the takeoff distance at sea level under standard
atmospheric conditions (TDy;). This fixed value for each airport allows for the
observation of takeoff distance fluctuations. Therefore, alterations in the takeoff
distance correspond directly to variations in the takeoff distance factor extracted
from the Koch Chart (Zhou et al, 2018).

TD = TD xf, (2.5)

Aircraft are engineered to optimize their takeoff performance concerning factors
such as takeoff distance, climb rate, and the MTOW (James et al, 2005). The climb
rate defines the duration an aircraft requires to ascend to a predetermined altitude at a
specified speed (Anderson and Bowden, 2005). With the impact of climate change,
the elevation in takeoff distance leads to a reduction in the climb rate (Gratton et al
2022: Zhou et al, 2018). Similar to the approach outlined for estimating takeoff
distance, Equation 2.6 offers a means to compute the climb rate (CR) by multiplying
the climb rate factor (f¢), determined from the climb rate at sea level under standard
atmospheric conditions (CRy;). Each airport sets a standardized climb rate at sea
level under standard atmospheric conditions to monitor climb rate fluctuations,
establishing a direct correlation between changes in the climb rate and alterations in
the climb rate factor derived from the Koch Chart (Zhou et al, 2018).

CR = CRyxf, (2.6)

Using Equations 2.5 and 2.6, takeoff distances and climb rates are calculated in

percent for each airport for the past, near future and far future periods (Table 2.3).
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Table 2.3 : Takeoff distance and climb rate data (%) for the past period (1980-2010),
near future (2023-2053) and far future (2069-2099).

TD TD TD CR CR CR
Airports (1980- (2023- (2069- (1980- (2023- (2069-
2010) 2053) 2099) 2010) 2053) 2099)
Trabzon
Airport (TZX) / 9 14 5 ! 1
Kars Harakani
Airport (KSY) 0 2 8 0 2 6
Tekirdag Corlu
Airport (TEQ) 11 12 17 8 9 13
Istanbul
Airport (IST) 11 13 17 8 10 13
Ankara
Esenboga 9 11 17 6 8 13
Airport (ESB)
Konya Airport
(KYA) 9 12 18 7 9 14
Gaziantep
Oguzeli Airport 17 19 24 13 14 18
(GZT)
Diyarbakir
Airport (DIY) 18 20 27 14 16 20
Mugla
Dalaman 13 15 19 10 11 14
Airport (DLM)
Antalya Airport
(AYT) 17 20 25 13 15 19

13






3. ANALYSIS

3.1 Temperature

Figure 3.1 illustrates a trend of declining temperatures correlating with rising
latitudes. During the 1980-2010 period, the average summer temperature across ten
airports stood at 23.57°C. Figures 3.2 and 3.3 depict a consistent rise in temperatures
across the selected ten airports during the period from 1980 to 2099. In the 2023-
2053 timeframe, Tekirdag Corlu Airport and istanbul Airport exhibited the lowest
temperature changes compared to the 1980-2010 period, recording a change of
1.49°C each, while Konya Airport registered the highest change at 2.36°C (Figure
3.2). In the transition from the near future to the far future, Mugla Dalaman Airport
experienced the smallest temperature shift at 2.74°C, whereas Kars Harakani Airport
marked the highest shift at 4.62°C (Figure 3.3). Notably, the daily temperature
change from the near future to the far future surpassed the change observed from the
past to the near future. Future temperature changes appear to intensify, suggesting a

potential need for increased aircraft takeoff distances to ensure safe flight operations.

Average Temperature (1980-2010)

o
e

Latitude
=
<

[}
L
Degree C

Lt
o
b

361
250 275 300 325 350 375 400 425 45.0
Longitude

Figure 3.1 : The average daily temperature (°C) for June, July, and August during
the historical period from 1980 to 2010.
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Change in temperature (1980-2010 to 2023-2053)
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Figure 3.2 : The fluctuation in daily mean temperatures (°C) for June, July, and
August between the near future (2023-2053) and the historical period (1980-2010).
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Figure 3.3 : The fluctuation in daily mean temperatures (°C) for June, July, and
August between the far future (2069-2099) and the near future (2023-2053).

3.2 Pressure Altitude

Upon examining the barometric altimeter, it's evident that unlike temperature, this
parameter doesn't exhibit a distinct increase (Figure 3.4). Across the transition from
the past to the near future, minimal increments in pressure altitude values were
observed for seven airports, whereas three airports (Konya, Ankara Esenboga, and
Kars Harakani Airports) displayed a decrease in these values (Figure 3.5). Similarly,
while minimal increases in pressure altitude values were observed in seven airports
in the transition from the near future to the far future, a decrease was observed in
these values in three airports (Figure 3.6). This relationship is comprehended through
the AP equation (Equation 2.3), where the pressure altitude value is contingent on
temperature and sea level pressure. Over time, temperature displays a consistent

upward trend as depicted in Figures 3.1, 3.2, and 3.3. In contrast, the sea level
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pressure parameter showcases a varied pattern, increasing in certain regions while
declining in others. Consequently, among the 10 airports in analysis, variations in
pressure altitude values reveal an upward trend in certain airfields and a decline in
others. Moreover, there exists a negative correlation between the pressure altitude
alteration and airport elevation, as detailed in Table 2.1. This correlation implies that
at airports situated at higher altitudes, the pressure altitude experiences a more

pronounced decrease.

Average Pressure Altitude (1980-2010)
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Figure 3.4 : The average daily pressure altitude (m) for June, July, and August
during the past period from 1980 to 2010.
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Figure 3.5 : The fluctuation in daily mean preesure altitude (m) June, July, and
August between the near future (2023-2053) and the historical period (1980-2010).

17



Change in pressure altitude (2023-2053 to 2069-2099)
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Figure 3.6 : The fluctuation in daily mean pressure altitude (m) for June, July, and
August between the far future (2069-2099) and the near future (2023-2053).

3.3 Takeoff Distance

Upon reviewing Figure 3.7, the data reveals a spectrum of average takeoff distance
factor increments during the past period, spanning from 0% to 18%. Kars Harakani
Airport displayed a consistent takeoff distance factor, remaining unaltered at 0%,
while Diyarbakir Airport experienced the most significant increase at 18%. The
mean rise in the takeoff distance factor during the past period amounts to 11.2%.
Analyzing the alterations in airport takeoff distances over time indicates an
escalation from the past to the near future and further from the near future to the far
future. The correlation between the rise in average temperature values and the
increase in average takeoff distance factors is apparent. Moreover, the elevation in
the average takeoff distance factor from the near future to the far future surpasses the
increment witnessed from the past to the near future. The variations in the average
takeoff distance factor show the lowest increase from the past to the near future at
1% for Tekirdag Corlu Airport, peaking at 3% for Konya and Antalya Airports in
Figure 3.8. Meanwhile, the progression from the near future to the far future sees a
minimum 4% elevation in the average takeoff distance factor for Mugla Dalaman
and Istanbul Airports and a maximum rise of 7% for Diyarbakir Airport in Figure
3.9. Changes in the takeoff distance factor directly inform alterations in the takeoff

distance, given their proportional relationship according to Equation 2.5.
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Takeoff distance factor (1980-2010)
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Figure 3.7 : The average daily takeoff distance factor (%) for June, July, and August
during the past period from 1980 to 2010.
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Figure 3.8 : The fluctuation in daily mean takeoff distance factor (%) for June, July,
and August between the near future (2023-2053) and the past period (1980-2010).
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Figure 3.9 : The fluctuation in daily mean takeoff distance factor (%) for June, July,
and August between the far future (2069-2099) and the near future (2023-2053).

3.4 Assessing How Temperature Alterations Impact Takeoff Distance Factor

With rising temperatures, there's a notable increase in takeoff distances. Notably, the
takeoff distance factor demonstrates a positive correlation with temperature trends
across periods, as depicted in Figures 3.10a and 3.10b. The acceleration of

temperature and takeoff distance growth from the near future to the far future
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surpasses the pace observed from the past to the near future.
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Figure 3.10 : The correlation between takeoff distance factor change and
temperature change.

3.5 Climb Rate

The escalation in average climb rate decrease rates has become prominent over time

(Figure 3.11). During the transition from the past period to the near future, the lowest

average climb rate decrease, at 1%, is registered at Gaziantep Oguzeli, Mugla

Dalaman, and Tekirdag Corlu Airports, while the highest stands at 2% for Ankara,

Antalya, Diyarbakir, Kars Harakani, Konya, Trabzon, and Istanbul Airports (Figure

3.12). During the transition from the near future to the far future, Istanbul and Mugla

Dalaman Airports experience the lowest average climb rate decrease, measuring 3%,

while Ankara and Konya Airports show the highest decrease at 5% (Figure 3.13).

Latitude
¢

Climb rate factor (1980-2010)

325

215

350

375

Longitude

Figure 3.11 : The average daily climb rate factor (%) for June, July, and August
during the past period from 1980 to 2010.
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Change in climb rate factor (1980-2010 to 2023-2053)
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Figure 3.12 : The fluctuation in daily mean climb rate factor (%) for June, July, and
August between the near future (2023-2053) and the past period (1980-2010).
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Figure 3.13 : The fluctuation in daily mean climb rate factor (%) for June, July, and
August between the far future (2096-2099) and the near future (2023-2053).

3.6 Assessing How Temperature Alterations Impact Climb Rate Factor

Increasing temperature leads to a decrease in climb rate. This relationship is
evidenced by the negative correlation between the climb rate factor and temperature,
observed from the past period to the near future and from the near future to the far
future (Figures 3.14a, 3.14b). The extent of climb rate reduction due to temperature
rise is higher when comparing the near future to the far future against the reduction

observed from the past to the near future.
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Figure 3.14 : The correlation between climb rate factor change and temperature
change.

3.7 Variations in Takeoff Distances Across Various Timeframes for Boeing 737-
800 Aircraft Type

The Boeing 737-800 aircraft type has a MTOW of 79,016 kg (Christie, 2014), with
the takeoff distance in meters calculated using performance charts at this maximum
weight (Url-5). Table 3.1 exhibits the computed takeoff distances in meters for ten

airports in Tiirkiye across historical, near-future, and distant-future timeframes.

Table 3.1 : The derived takeoff distance measurements for ten Turkish airports
across past periods, near and far future periods.

Past Period Near Far Future
(1980-2010) Future (2069-2099)

Airports Takeoff (2023-2053) Takeoff

Distance Takeoff Distance
Values (m) Distance Values (m)
Values (m)

Trabzon Airport (TZX) 2354 2398 2508
Kars Harakani Airport (KSY) 2200 2244 2376
Tekirdag Corlu Airport (TEQ) 2442 2464 2574

Istanbul Airport (IST) 2442 2486 2574
Ankara Esenboga Airport (ESB) 2398 2442 2574
Konya Airport (KYA) 2398 2464 2596
Gaziantep Oguzeli Airport 2574 2618 2728
(GZT)
Diyarbakir Airport (DIY) 2596 2640 2794
Mugla Dalaman Airport (DLM) 2486 2530 2618
Antalya Airport (AYT) 2574 2640 2750
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4. CONCLUSION AND RECOMMENDATION

The research covers ten airports in Tiirkiye. The focus is on daily temperature
averages for the summer months (June, July and August) between 1980 and 2010.
ERAGS daily average temperature and sea level pressure data were used for the past
period. High-resolution daily mean temperature and sea level pressure data from the
Max Planck Institute Earth System Model (MPI-ESM1-2-LR) were used for future
and historical simulations covering 1980-2010, 2023-2053 and 2069-2099. The
impact of climate change on aviation was examined with the data used. Takeoff
performance, which affects aviation, has been investigated in terms of climb rate and
takeoff distance.

This research aims to investigate how climate change affects aircraft takeoff
performance in the aviation industry, particularly focusing on the changes in takeoff
distance linked to climate variations for the Boeing 737-800 aircraft. The rise in
temperatures due to climate shifts directly corresponds to increased takeoff distances
required by airplanes. In such scenarios, aircraft may need to reduce cargo capacity
or fuel loads or limit passenger capacity, resulting in heightened expenses within the
aviation sector. Addressing these challenges might involve potential solutions such
as adjusting airport runway lengths to accommodate the shifting temperature patterns

and subsequent changes in takeoff requirements.

Takeoff distances are computed individually for each airport, considering historical,
near-term, and far-term periods. The calculated outcomes reveal varied takeoff
performances among different airports for a singular aircraft model due to the
discrepancies in latitudes, longitudes, and altitudes across these airport locations.

Kars Harakani Airport presents the shortest takeoff distance, while Diyarbakir
Airport exhibits the longest. Concerning the Boeing 737-800 aircraft, the mean
takeoff distances during summer at Kars Harakani Airport are: 2200 m in the past
period, 2244 m in the near future, and 2376 m in the far future. At Diyarbakir

Airport, the average takeoff distances during summer are: 2596 m in the past, 2640
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m in the near future, and 2794 m in the far future. The average summer takeoff
distances for other airports are provided in Table 4.

The average takeoff distance for the Boeing 737-800 aircraft type is anticipated to
undergo more significant alterations in the upcoming summer compared to the
preceding summer months. The temperature variance between the past and near
future at Tekirdag Corlu Airport stands relatively lower compared to other airports,
while Konya and Antalya Airports experience a more pronounced temperature shift.
As a result, Tekirdag Corlu Airport records the least average takeoff distance
alteration from the past to near future, at 22 m, whereas Konya and Antalya Airports
exhibit a 66 m change. Regarding the temperature shift from near future to distant
future, Istanbul and Mugla Dalaman Airports indicate relatively minor changes,
contrasting with Kars Airport experiencing a substantial temperature shift compared
to other airports. However, the reduction in pressure altitude values at Kars Airport
triggers the most considerable increase in takeoff distance, notably at Diyarbakir
Airport. The minimal variation in average takeoff distance from near future to distant
future is 88 m at Istanbul and Mugla Dalaman Airport, while the maximum alteration

reaches 154 m at Diyarbakir Airport.

The investigation focused on the takeoff capabilities of the Boeing 737-800 aircraft
type using daily average air temperatures. However, similar analyses can be
conducted for various aircraft models. Additionally, alongside daily average air
temperature data, utilizing daily maximum air temperature and wind data could

enhance the scope of the analysis.
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