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Abstract

This paper aims to assess the extent to which repeated attacks against sovereign Hellenic air space by Turkey along with the inevita-
bly ensuing engagements between aircraft of the two sides follow a certain predetermined pattern of behaviour that can be detected
based on a given statistical model, and if so, to what extent this pattern is predictable in terms of its intensity and the frequency of
incidents. 10 this end, we use the Weibull statistical distribution as an appropriate tool for interpreting and quantifying the pattern of
aggressive Turkish behaviour and calculating probabilities of occurrences. Based on this choice, we then proceed with a forecast of this
bebaviour in the near future. We provide specific mathematical formulae that can be readily used to calculate probabilities and fore-

cast air space violations and engagements. Our models, based on historical data, assume that both Hellenic air space violations and
engagement incidents will keep increasing bur will inevitably reach a monthly maximum, constrained by the availability of property
and human resources on the Turkish side. The conclusions drawn point to the fact that Turkey will at some point in the near future

reach its capacity limits in terms of property and human resources used in such offensive exercises, and that there is very little that
can be done to enhance the margins of such activities given the room provided by the Turkish economy, which seem to be probibitive.

Keywords:

Turkey, Greece, air, space, violations

Article info
Received: 26 July 2020
Revised: 21 September 2020
Accepted: 7 October 2020
Available online: 10 November 2020
DOI: http://doi.org/10.35467/sdq/128224

o Juccess [EDOC © 2020 V. Symeonidis, G. A. Zombanakis published by War Studies University, Poland.
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License



https://orcid.org/0000-0001-8967-0163
https://orcid.org/0000-0003-3137-2029
http://doi.org/10.35467/sdq/128224

V. Symeonidis, G. A. Zombanakis
5/2020 vol. 32
htp://doi.org/10.35467/sdq/ 128224

SECURITY DEFENCE

QUARTERLY

Introduction

he first violations of Hellenic airspace by Turkish fighter jets occurred in May 1964

and were linked to the tension that prevailed in Cyprus at the time. In April 1975, Tur-
key asked Greece to limit the Hellenic national airspace to six nautical miles down from ten
which has been internationally declared and acknowledged. Since then, Turkey has begun
to question Hellenic airspace ranging between six and ten miles. Solving the problem would
involve either reducing the Hellenic airspace to six miles, which is not an option for the
Greek side, or increasing the territorial waters to ten miles, an option that the Greeks failed
to implement. The intermediate solution chosen, i.e. sending Hellenic Air Force fighters to
intercept the corresponding Turkish ones, has led to a dead-end since then.

This paper does not aspire to offer an extensive examination of the geopolitical or strate-
gic aspects of the Greek-Turkish conflict, simply aiming at emphasising a rather technical
dimension of it. What in fact we seek to investigate is the extent to which repeated attacks
against Hellenic sovereign air space, which by now have developed to be a modus vivendi,
reveal a certain model of behaviour, follow a certain train of thought, or pattern of rea-
soning. To this end, the paper is structured as follows: Section II provides a description
of the data used in the analysis, while the next section links the data earlier described to
the geopolitical developments in the area. Section IV fits aggressive Turkish behaviour to
a statistical model which is then used to forecast this behaviour in the future in Section
V. The results and the conclusions drawn are presented in the last section of the paper.

The dataset description

he activity of the THK (Tiirk Hava Kuvvetleri) in the Aegean either concerns cases

of both a Hellenic FIR entry without informing the Hellenic Control Authority
about the identity of the incoming aircraft and cases of unauthorised use of Hellenic Air
Space. Refusal of an intruding aircraft to comply with the international regulations entails
the use of force or the threat of use of force by the HAF (Hellenic Air Force). In most
cases, the intruding aircraft abides with regulations and leaves. There have been cases,
however, in which a refusal to abide leads to engagements before the intruder is eventually
compelled to leave Hellenic Air Space’. This paper tackles all the above forms of actions
on the part of the THK, but placing emphasis on the persistence of the Turkish aircraft in
ignoring international regulations, which eventually leads to an engagement.

Throughout this study, we will deal with monthly datasets spanning 11 years (2009-
2019) provided by the Hellenic Air Force (Hellenic Air Force General Staff, 2020). More
specifically, we will consider the following categories: National Airspace Violations, Total

Aircraft Involved, Armed Aircraft Violations and Engagements. Since the total number
of observations for each category is 132 (11 years, 12 months), we consider 4 datasets of
132 observations in total. A graphical observation of the raw data used and an aggregate
summing up is presented in Figure 1 and Table 1 respectively.

1. The inconsistency of the Turkish policy
on this issue can be highlighted by re-
minding that on the 24th of November
2015 a THK F-16 shot down a Russian
Su-24 after no more than 17 seconds in
the Turkish air space.

Figure 1. The overall picture at a glance
(Hellenic Air Force Database, 2020)
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Years 2009-2019 Engagements Violations Armed Total Aircraft
Total 1,108 22,690 2,555 20,036
Monthly Minimum 0 26 0 15
Monthly Maximum 57 663 46 327
Monthly Mean 8.4 171.9 19.4 151.8
Monthly Standard 11.5 129.8 10.5 73.8
Deviation

Averaging the data on a per-month basis, the following graphs (Figures 2 a, b, ¢, d) show
a significant rise of all four categories during the second quarter (Q2) of each year. This
difference can be supported using statistical hypothesis testing, but we feel that this con-
clusion can be readily reached just by observing the per-month graphs. The rest of the
quarters (Q1, Q3 and Q4) do not follow a consistent rise/drop pattern for all categories®.
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The reasoning for offensive behaviour by Turkey

T he reasoning behind the prolonged pressure exercised by Turkey is threefold: firstly, dem-

A onstrating geopolitical claims in the broader Aegean area; secondly, testing the HAF speed

of reaction while driving it to its limits; and thirdly, training and accustoming its pilots in what
it regards as a prospective operational environment. This behaviour has not been uniform or
flat. On the contrary, it has undergone significant variations, both of a short-term and a long-
term character, depending on the period under consideration. Thus, since the acceptance of the
Papoulia-Yilmaz memorandum terms by both the Greek and the Turkish side in 1988, friction
has been avoided during the high tourist season (i.e. the summer months) as well as the major
religious holidays on both sides. This explains the emphasis on the second quarter of each year
which may thus be explained by the reasoning of the so called “base effect™.

The Syrian entanglement of the Turkish armed forces between 2011 and 2015 seems to
be behind the relatively “low profile” of the THK activity in the Aegean and, especially,
the number of engagements which require experienced pilots. Since 2017, however, with
Turkey conforming with the Russian—Syrian Agreement, a large number of experienced

Table 1. A brief descriptive summary
of the datasets (Hellenic Air Force Da-
tabase, 2020)

2. To this end, and bearing in mind that
we can come up with the appropriate
weight factors depending on the quarter
we examine, we found that based on
airspace violations, it makes sense when
we later forecast to scale everything up
with 1.09 for Q2, and with 0.91 for
Q1, Q3, Q4. These factors are a direct
consequence of the fact that the total
violations for Q2 were 7,339, while the
total violations for Q1, Q3, and Q4
were 15,351. Hence, dividing the last
number by 3, we find that the average
total violations for Q1, Q3, Q4 were
5,117, which results in a ratio of 41/59
and hence the above scaling.

Figure 2. Monthly averages (Hellenic
Air Force Database, 2020)

3. The strong preference for the month
of May by the intruding THK has been
attributed as a “celebration” for the fall
of Constantinople (29th of May 1453);
however, with no strong evidence ro sup-
port this explanation.
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pilots were released to return to the Aegean front, this causing the cases and intensity of

the Turkish presence in the area to rise to a considerable extent.

A great deal has been written concerning the impact of the July 2016 coup on the Turkish
defence forces and, especially, on the THK. The fact is that after 2016, the pattern of the
offensive behaviour against Greece has remained the same despite the military coup and the
fact that in terms of intensity (proxied by engagements) it was temporarily downgraded due
to the lack of experienced pilots®. During the last year of the period under study, the recov-
ery of the THK in terms of pilot ability seems to be almost complete, with the number of
engagements increasing dramatically and pushing pilots and equipment to their limits. This
latest development is better described when considering that in the recent past, almost all
armed THK aircraft intrusions in Hellenic air space develop into engagements (Figure 3).
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In terms of geographical distribution during the period 2009-2012, the emphasis of airspace
violation focused on the central Aegean with less activity observed in the north Aegean and
even less in the south. By contrast, since 2013, the emphasis has shifted to the south and
southeast Aegean to underline the Turkish energy claims in the area. This intense activity
has been supported mainly by a fully modernised F-16 fleet to which 30 new aircraft of this
type have been recently added. The activity is further supported by extensive use of Bay-
ractar UAVs and naval air force units, while a considerable extent of force multiplication is
granted thanks to seven Boeing KC-135 Stratotanker aerial refueling aircraft.

The next issue to tackle is the extent to which such extensive activity can be financed. It
appears that unlike Greece, in which the overwhelming majority of the defence equipment
used is imported, Turkey supports about 70% of its armed forces requirements based on
domestic production, thus contributing to its GDP growth and unemployment reduction

(Doulos ez al., 2020). Despite the considerable involvement of the domestic defence in-
dustrial base to the armed forces procurement, the ambitious geopolitical plans of Turkey
which extend from Syria to Libya, for the time being, will be rather difficult to finance given
the dismal state of the Turkish economy’.

The choice of the model

n the context described above, we have already pointed out that the task which the paper
faces is to consider the extent to which the THK’s offensive behaviour in the Aegean and
the eastern Mediterranean follows a certain pattern of statistical behaviour. If this is the case,
then we shall use this pattern to forecast airspace violations and engagements, which may be
considered to represent the low — and high — intensity forms of intrusion in Hellenic air space.

Based on the overall shape of the histograms presented in Appendix A, it is reasonable to as-
sume that they follow a right-skewed statistical distribution. Applying the statistical method of
Hypothesis Testing for goodness-of-fit, we can show that the Weibull distribution (Weibull,
1951) is an appropriate choice for interpreting both the Hellenic air space violations pattern by

4. After the 2015 coup and the arrest
of a large number of pilots, the ratio of
pilots per aircraft dropped from 1.5/1
down to 0.5/1. To deal with the prob-
lem, the authorities have encouraged the
return to active duty of several retired
pilots (about 400).1t appears that the

1.5/1 ratio has now been restored.

Figure 3. Time convergence of armed
aircraft to engagements (Hellenic Air
Force Database, 2020)

5. Turkey is more or less isolated on
the global stage, and relations with the
US and the EU are poor. The country
has large external financing needs and
its private sector is heavily indebted in
foreign currency, making it particularly
vulnerable to deteriorating global eco-
nomic conditions and high investor risk
aversion. The collapse of Turkeys large
tourism sector, wide twin deficits and a
renewed lira sell-off will result in real
GDP contracting by 5.2% in 2020
(OECD, 2020a).
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THK as well as the frequency of engagements and incidents between HAF and THK aircraft.

The Probability Density Function of the Weibull distribution is given by

o =L@ 6

a

where a, f§ are positive parameters. This distribution is widely used to model time-to-failure
of components (Rinne, 2009; McCool, 2012). Details on the fitting method and the rea-
soning for selecting the Weibull distribution model for describing the Hellenic air space

violations pattern, as well as the frequency of engagements incidents between HAF and
THK aircraft, are given in Appendix B and C.

Forecasting the Turkish pressure in the area

aving established the model that best describes the pattern of behaviour in each of the
two data categories, namely Hellenic airspace violations and engagements, we proceed
with presenting our forecasting models based on the 2010-2019 period.

V.1. Logistic forecast of airspace violations
with upper bound

Airspace violations for the period 2010-2019 exhibit rapid growth. Linear regression could be
beneficial, but we feel that it does not capture the qualitative nature of the data. Also, although
an exponential model for such increase would be appropriate for the initial part, it is probably
too aggressive in terms of growth.

Borrowing ideas from population growth that has been applied to a diverse set of disciplines
(McKendrick et al., 1912; Edelstein-Keshet, 1988; Allen, 2007), we realise that an expo-
nential increase of airspace violations will be, beyond a certain point, unrealistic. This is due

to the fact that the Turkish side is faced with limited property and human resources (avail-
able aircraft, pilots, logistic support etc.). We consider it, therefore, more realistic to use the
logistic growth, which exhibits a rapid initial rising pattern followed by a saturation based
on the maximum possible airspace violations that can be expected on a monthly basis. We,
therefore, resort to a logistic least-squares fit for each year to the data from 2010-2019. We
calculate the squared differences of the actual minus the predicted values from the model
and use Microsoft Excel’s Solver to minimise the sum by varying the parameters in the ex-
ponent. The maximum number for the monthly airspace violations assumed is 1000 used
as an upper bound or “carrying capacity”, based on empirical and historical observations®.

1000

+ ¢—0291x(Year—2020.67)

Monthly Airspace Violations = 1
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6. TUsing the Weibull distribution, the
probability of more than 1,000 monthly
airspace violations is less than 0.03%.
This is easily checked via our model

as described in Appendix B by typing:
“1-WEIBULL.DIST(1000, 1.28,
191.11, 1"

Figure 4. Forecasting airspace viola-
tions (monthly maximum: 1000)

(a) Using historical data

(b) Forecasting the period until 2030
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An example of the forecast works as follows: for the year 2021, the model predicts that on
a monthly basis, the airspace violations will amount to an average of

1000

Monthly Airspace Violations for 2021 = {5 o 0291x(2021202067)

524

We can fine-tune this forecast with the appropriate scaling for the different quarters, as
we discussed earlier (in footnote 2). An example of the forecast works as follows: for the
second quarter (Q2) of 2021 the model predicts that on a monthly basis, the airspace
violations will amount to an average of

Q2 Monthly Airspace Violations for 2021 = 1.09 x 524 = 571

V.2. Logistic Forecast of Engagements with Upper Bound

We perform a similar procedure for forecasting monthly engagements, based on the logistic
model, as before. Again, we calculate the squared differences of the actual minus the predict-
ed values from the model and use Microsoft Excel’s Solver to minimise the sum by varying
the parameters in the exponent setting as an upper bound 100 engagements per month’.

100

Monthly Engagements = [ o 0626x(Tear—202044)

(@ (b)

Monthly Average Monthly Average

—+—Engagements 2010-2019 -~ Logistic —+—Engagements 20102019 ——- Logistic
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An example of the forecast works as follows: for the year 2021, the model predicts that
on a monthly basis, if we accept the maximum 100 monthly engagements scenario, the
engagements will amount to an average of

100

Monthly Engagements for 2021 = {7 o 0626x(Vear 202040

59

We can again fine-tune the predictions depending on which quarter we consider: For Q2
we scale with 1.09.

Q2 Monthly Engagements for 2021 = 1.09 x 59 = 64
Discussion and conclusions
( ; iven the above, our model concludes that the offensive behaviour of Turkey, as ex-
pressed by the pattern of Hellenic airspace violations as well as engagement inci-

dents between HAF and THK aircraft, does not show any signs of fatigue.

In an attempt to proceed to a forecasting exercise and despite the constraints in terms
of property and human resources facing the Turkish side (pilots, aircraft etc.), we have

7. Using the Weibull distribution, the
probability of more than 100 monthly
engagements is less than 0.49%. This is
easily checked via our model as described
in Appendix C by typing:” 1-WEIBULL.
DIST(100, 0.64, 7.31, 1)

Figure 5. Forecasting engagements
(monthly maximum: 100)

(a) Using historical data

(b) Forecasting the period until 2030
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allowed for generous room for a possible increase of such attempts in the future (1000
monthly airspace violations and 100 monthly engagements). Despite such generous mar-
gins provided for our forecast, the monthly figures predicted for the year 2020 seem to be
quite successful and certainly far from reaching the maximum provided for this forecast-
ing exercise. Indeed:

(i) The model predicts that the average 2020 monthly airspace violations will be 451 with
a high of 492 in the second quarter. The actual data provided thus far (June 2020)
indicates that the average is 491 for the first half of the year.

1000 B
14 e*U.ZQlX(ZUZU*ZUZObT) o

Monthly Airspace Violations for 2020 = 451

(ii) The model predicts that the average 2020 monthly engagements will be 43 with a
high of 47 in the second quarter. The actual data provided thus far (June 2020) indi-
cates that the average is 45 for the first half of the year.

100

1+ 870.626x(202072020.44) =43

Monthly Engagements for 2020 =

(iii) In terms of the forecast maximum and based on the 2009-2019 figures, we calculate
that there is only a 1% probability that the number of monthly airspace violation in-
cidents exceeds 632. Likewise, in the case of engagement incidents, a more demand-
ing form of challenge, we calculate that there is only a 1% probability that they will
be more than 80 per month.

However, these conclusions just relate to the statistical part of the problem. To proceed
with a more integrated assessment, one has to take into consideration the following ad-

ditional developments:

Violations of Hellenic airspace and engagements with HAF aircraft are not the only forms
of pressure exercised by Turkey. Turkish aggressiveness has extended in the Aegean Sea in
the form violation by Turkish ships of Hellenic territorial waters, with the latest form of
pressure being the dispatch of drill-ships in the Aegean, which Turkey calls “Blue Home-
land”, following similar tactics as in the case of the eastern Mediterranean. However, a
primary source of threat is the massive influx of illegal emigrants from Turkey. In fact,
about a year ago, the Turkish interior minister threatened that “If Turkey unblocks ir-
regular migrant flows, no government in Europe will be able to withstand this wave for
more than six months.”

The fact remains that in the recent past, Turkey has been present on a number of inter-
national fronts (Syria, Libya, Iraq etc.) However, this is a rather expensive plan for a state
which is confronted with considerable economic problems®. Indeed, the Turkish economy
faces an excessive current account deficit together with large amounts of private foreign-
currency denominated debt and a strongly devalued domestic currency. Despite that, the
authorities insist on consumption-led growth encouraged by very low interest rates, which
does not seem promising in the face of such serious economic issues. With oil prices ranging
at historically low levels, Qatar, practically the only ally left for Turkey, may not be able to
keep on swapping Turkish liras for US dollars much longer®. This means that our forecasts
on the aggressive behaviour of Turkey in the area of the Aegean and the eastern Mediter-
ranean must be adjusted downwards to take into account the economic aspect of this issue,

an aspect which points to a further downsizing as the latest data indicates.

The mathematical and statistical model presented in this paper provides a reliable guideline
for forecasting and calculating probabilities of occurrences for airspace violations and en-

8. On 12 September 2020, Moodlys
cut public debt rating deeper into junk
territory and warned of a possible
balance-of-payments crisis. Assigning
the lowest grade it has ever given to the
country, the sovereign credit rating was
cut 1o B2, five levels below investment
grade and on a par with Egypt, Jamaica
and Rwanda. The company kept a
negative outlook on the rating. On 21
August, Fitchs credit rating for Turkey
changed to ‘BB-‘with negative outlook
from a ‘BB-‘with stable one. Fitch
Ratings has revised the Outlooks from
Stable to Negative for two state-owned
development banks, Turkiye Kalkinma
ve Yatirim Bankasi A.S. (TKYB) and
Turkiye Ihracat Kredi Bankasi A.S.
(Turk Eximbank). Fitch has also revised
from stable to negative the outlooks of
a further 18 Turkish banks and their

respective financial subsidiaries..

9. The Turkish lira (TRY) depreciated
Sfurther in August, by 3.8% against the
euro and by 1.2% against the USD (e-
0-p). Standing at 8.78 TRY/EUR and
7.34 TRY/USD at the end of August,
TRY has depreciated significantly dur-
ing the first eight months of 2020,
cumulatively by 23.8% against the euro
and by 18.9% against the USD. Dur-
ing 2019, the depreciation was 8.5%
and 11.1% (e-0-p) respectively. On

17 September, the lira dropped to its
lowest recorded level against the dollar
(at 7,5574 lira). According to OECD
(20200), the estimated rate of unem-
ployment is at 17.2% and gross foreign
currency reserves fell to their lowest point
since 2009 (US$77.4 billion according
to the IMF) due to the central banks
policy of selling approximately US$44bn
to prop up the lira. It is to be borne

in mind that Qatar has recently an-
nounced a tripling of its currency swap
agreement with Turkey from US$5bn
to US$15bn, providing much-needed
Joreign funding to reinforce Turkeys

depleted reserves.
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gagements. However, its results require careful interpretation since our forecasts rely on the
logistic model, which uses an exogenously determined fixed upper bound. More specifically,
based on empirical and historical data, we impose a monthly airspace violations ceiling of
1,000 and a corresponding figure of 100 for monthly engagements. This model, therefore,
is especially applicable for short- and medium-term forecasts during a time-period in which
the number of available aircraft, pilots and resources is not expected to change dramatically.
In light of this observation, it would be interesting to resort to further research on this tech-
nical topic involving the Hellenic sea-space violations by Turkey and the extent to which
their pattern and intensity is similar to those studied herewith.

Funding
This research received no external funding.
Disclosure statement

No potential conflict of interest was reported by the authors.

14



V. Symeonidis, G. A. Zombanakis
5/2020 vol. 32
htp://doi.org/10.35467/sdq/ 128224

SECURITY, DEF

ENCE

QUARTERLY

15

References
Allen, L. (2007) An introduction to mathematical biology. New Jersey: Prentice Hall/Pearson.

Anderson, D., Sweeney, D., Williams, T., Camm, J., and Cochran, J. (2018) Statistics for business & econom-

ics. Boston: Cengage Learning.

Doulos, D., Katsaitis, O. and Zombanakis G. A. (2020) ‘How to make butter out of guns: The Turkish case
and the Greek bitter lesson’. The 2020 International Society of Military Sciences Conference, Helsinki, Finland,
27-29 October, 2020.

Edelstein-Keshet, L. (1988) Mathematical models in biology. New York: Random House.
Hellenic Air Force General Staff (2020) Violations of national airspace — Infringements of Air Traffic Regulations

ICAO. Available at: https://geetha.mil.gr/paravaseis-paraviaseis/enaerios-choros-archeio-paravaseon-paravia-

seon/ (Accessed: 20 September, 2020).

Hellenic Air Force Database (2020) Available at: https://geetha.mil.gr/paravaseis-paraviaseis/enaerios-choros-

archeio-paravaseon-paraviaseon/ (Accessed: 20 September, 2020).

IMF (2020) Country Reports, Turkey. Available at: hteps://www.imf.org/en/Countries/TUR (Accessed: 10
October, 2020).

McKendrick, A. G. and Kesava Pai, M. (1912) ‘XLV.—The rate of multiplication of micro-organisms:
A mathematical study’. Proceedings of the Royal Society of Edinburgh, 31, pp. 649-653.

McCool, J. (2012) Using the Weibull distribution: Reliability, modeling, and inference. Hoboken, N.J.: Wiley & Sons.

OECD (2020a) Turkey Economic Snapshot, Available at: http://www.oecd.org/economy/turkey-economic-snap-
shot/ (Accessed: 20 September, 2020).

OECD (2020b) Titrkey. Available at: https://data.oecd.org/turkey.htm (Accessed: 15 September, 2020).

Rinne, H. (2009) 7he Weibull distribution. A handbook. Boca Raton, FL: Chapman & Hall/CRC Press.

Weibull, W. (1951) ‘A statistical distribution function of wide applicability’. Journal of Applied Mechanics,
Transactions of the American Society of Mechanical Engineers, 18(3), pp. 293— 297.


https://geetha.mil.gr/paravaseis-paraviaseis/enaerios-choros-archeio-paravaseon-paraviaseon/
https://geetha.mil.gr/paravaseis-paraviaseis/enaerios-choros-archeio-paravaseon-paraviaseon/
https://geetha.mil.gr/paravaseis-paraviaseis/enaerios-choros-archeio-paravaseon-paraviaseon/ 
https://geetha.mil.gr/paravaseis-paraviaseis/enaerios-choros-archeio-paravaseon-paraviaseon/ 
https://www.imf.org/en/Countries/TUR
http://www.oecd.org/economy/turkey-economic-snapshot/
http://www.oecd.org/economy/turkey-economic-snapshot/
https://data.oecd.org/turkey.htm

V. Symeonidis, G. A. Zombanakis

5/2020 vol. 32 SECUMTY DEFENCE

heep://doi.org/10.35467/sdq/128224 QUARTERLY

Appendix A: histograms

We summarise the data for all 4 variables in histograms below. When presenting the data in histo-
grams, we divide them into 11 classes (bins) using standard rules.

Figure Al. Histograms for all four vari-

ables recorded

Monthly Engagements (2009-2019) Monthly Airspace Violations (2009-2019)
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The above histograms can be interpreted as follows: Throughout the 2009-2019 time period, there
were 79 months during which 0 to 5 engagements occurred, there were 16 months during which 6

to 11 engagements occurred, etc.

Similarly, throughout the 2009-2019 period, there were 44 months during which 26 to 89
airspace violations occurred, there were 32 months during which 90 to 153 airspace violations

occurred, etc.

Appendix B: fitting a probability distribution
for airspace violations

Knowing if the monthly airspace violations follow a known probability distribution is a very
useful tool for prediction and calculation of probabilities of event occurrences. Based on the
overall shape of the histograms presented above, it is reasonable to assume that they follow a

right-skewed distribution.

Applying the statistical method of Hypothesis Testing for goodness-of-fit, (Anderson et al., 2018)

we can show that the Weibull distribution is an appropriate choice for interpreting the behaviour

of the THK in Hellenic air space violations.

The Probability Density Function of the Weibull distribution is given by

RO

a N

where o, f are positive parameters. This distribution is widely used to model time-to-failure of

components. We performed a goodness-of-fit Hypothesis Testing using the following steps:

We assume that the monthly violations follow this distribution. This constitutes the null hypothesis

H,. The alternative hypothesis H, states that the data does not follow this distribution.
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We calculate the %* (chi-squared) statistic with randomly chosen initial parameters &, . This statis-

—E:)? . . .
tic is equal to > w, where O, is each observed value and E is the corresponding expected

value based on the assumed distribution.

We use Microsoft Excel’s Solver in order to minimise this sum, hence optimising the parameters a, j.
We find that if 6=191,11 and $=1.28 we cannot reject the null hypothesis at the 5% significance level.
We illustrate the importance of this result with one example: Let us assume we want to calculate the
probability that in a given month we will observe between 100 and 200 airspace violations. We can

calculate the shaded area of Figure A2 using Microsoft Excel’s command:

WEIBULL.DIST (200, 1.28, 191.11, 1) - WEIBULL.DIST(100, 1.28, 191.11, 1)
Figure A2. Graph depicting the area (and

cloos hence probability) under the Weibull Dis-
tribution curve for airspace violations.
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The result is approximately 0.299, which means that the shaded area, and therefore the probability

of such an event, is approximately 29.9%.
The scaled probability for Q2 is 32.6%, while the probability for Q1, Q3, Q4 is 27.3%.
Appendix C: fitting a probability distribution for engagements

In a similar fashion, we performed a Hypothesis Test for goodness-of-fit for the monthly Engage-
ment data. A Weibull distribution is again the most appropriate choice for interpreting the fre-
quency of the engagements and incidents between HAF and THK, with optimised parameters and

at the 5% significance level.

We illustrate the importance of this result with one example: Let us assume we want to calculate
the probability that in a given month we will observe between 30 and 50 engagements. We can

calculate the shaded area of Figure A3 using Microsoft Excel’s command:

WEIBULL.DIST(50, 0.64, 7.31, 1) — WEIBULL.DIST(30, 0.64, 7.31, 1)

Figure A3. Graph depicting the area (and
0,035 hence probability) under the Weibull Dis-

tribution curve for engagements.
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The result is approximately 0.052, which means that the probability of such an event is approximately 5.2%.
The scaled probability for Q2 is 5.6%, while the probability for Q1, Q3, Q4 is 4.9%.
Note that the shape of the curve is different than the one describing monthly airspace violations

(does not pass from the origin). This depends on the value of f, and, since in this case f <1 , we

see a qualitatively different curve with a vertical asymptote at x = 0.
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