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1. UVOD

Ogranicenja putovanja uvedena radi pro-
vedbe javnozdravstvenih politika za sprjeca-
vanje Sirenja bolesti COVID-19 prouzrocila
su, kao kolateralna posljedica, krizu u broj-
nim industrijama. Posebno je bio pogoden
zraCni prijevoz putnika, §to je snaZno utje-
calo na zrakoplovnu industriju. Drzave su
zatvarale granice, uvodile mjere lockdowna,
a putnici nisu mogli ili nisu Zeljeli putovati.
U prvim mjesecima pandemije (sije¢anj—svi-
banj 2020.) mreZze medunarodnih i domacih
zracnih luka bile su pogodene razlicitim in-
tenzitetom. COVID-19 mnogo je snazZnije
utjecao na medunarodne nego na domace
letove. Intraecuropski zrani promet gotovo
je stao u prvim tjednima i mjesecima za-
tvaranja, uz izrazito ograni¢enu povezivost
u odnosu na predpandemijsko razdoblje.
U Kini je zabiljezen pad prometa u veljaci,
dok su se u SAD-u dogodile promjene, ali
blazeg intenziteta nego u Europi (Sun et al.,
2020). Nakon pocetnog vala 2020. godine,
novi sojevi virusa te politika nulte toleran-
cije na COVID-19 uzrokovale su dodatne
poremecaje u zracnom prometu u pojedinim
zemljama. Primjerice, dok se broj putnika u
Europi i SAD-u oporavljao, u Kini je u 2021.
i 2022. godini ponovno zabiljezZen pad (To i
Lee, 2024).

Pandemija je u Europi izazvala izraZe-
nije i heterogenije poremecaje u zratnom
prometu. Kako su zemlje biljezile razlicite
dinamike pada i oporavka, sve je nuZnije
sustavno prouciti obrasce oporavka kako bi
se poduprla akademska istraZivanja i buduce
javne politike. Polaze¢i od razlike izmedu
pandemije COVID-19 i oporavka europskog
putnickog zranog prometa, postavljeno je
sljedece istrazivacko pitanje: IP — Kako su
se europske zemlje grupirale prema obras-
cima post-COVID oporavka u putnickom
zra¢nom prometu? Radi odgovora na istra-
zivacko pitanje, cilj istrazivanja je dvostruk:
(i) identificirati skupine zemalja sa slicnim

1. INTRODUCTION

The constraints on traveling due to public
health policies for preventing the spread of
COVID-19 infection led to crises, as collat-
eral damage, for many industries. Passenger
air travel was particularly affected, which
significantly impacted the airline industry.
Countries closed their borders, set lockdown
measures, and passengers were unable or re-
luctant to travel. During the earlier months
of the COVID-19 pandemic (January-May
2020) worldwide, international and domes-
tic airport networks were affected different-
ly. COVID-19 affected international flights
much more intensively than domestic flights.
Intra-European air traffic stopped during
the first weeks and months of the lockdown
with highly limited connectivity compared
to the situation before the pandemic. Chi-
na’ air traffic recorded a decline in Febru-
ary and the USA implemented changes, but
they were less severe than in Europe (Sun
et al., 2020). After the initial wave in 2020,
new strains of COVID-19 and zero-tolerance
policy on COVID-19 caused additional dis-
ruptions in air traffic of some countries. For
example, while the number of passengers in
Europe and the USA was recovering, China
saw a fresh drop in 2021 and 2022 (To and
Lee, 2024).

The COVID-19 pandemic caused more
heterogeneous and considerable disruptions
to air travel in Europe. As countries experi-
enced different dynamics of declines and re-
coveries, it is becoming more and more nec-
essary to study systematically the different
recovery patterns to support both academic
studies and future public policy. Starting
from the relationship between the COVID-19
pandemic and the recovery of Europe’s air
passenger traffic, the following research
question was formulated: RQ — How did
European countries cluster according to their
post-COVID recovery patterns in air passen-
ger traffic? To answer the research question,
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obrascima oporavka primjenom metode
k-srednje vrijednosti na standardiziranim
pokazateljima zracnog prometa te (ii) inter-
pretirati implikacije tih klastera za razvoj
turizma, upravljanje prometom i oblikova-
nje politika. Sukladno tome, formuliraju se
hipoteze istraZivanja:

H1: Europske zemlje mogucée je podijeli-
ti u najmanje dva statisti¢ki znacajna klastera
na temelju predpandemijskih i postpande-
mijskih podataka o zranom prometu.

H2: Veli¢ina oporavka izmedu 2020. i
2023. godine znacajno se razlikuje medu
klasterima.

H3: U vedini zemalja putnic¢ki promet iz
2023. godine nije u potpunosti nadmasio ra-
zine iz 2018. godine.

Otkrivanjem heterogenosti obrazaca
oporavka ovaj rad pridonosi istraZivanjima
u zra¢nom prometu i turizmu primjenom in-
formacijskih tehnologija i podatkovno-ana-
litickih metoda na interdisciplinaran nacin.
Rad istice skupine zemalja koje pokazuju
vecu otpornost, te one koje zaostaju u opo-
ravku, nudedi primjenjive spoznaje donosite-
ljima politika, zrakoplovnim prijevoznicima
i menadZerima u turizmu. Te su spoznaje
relevantne za upravljanje krizama, planiranje
kapaciteta i ciljane mjere potpore u Sirem su-
stavu turizma i prometa.

Zracna povezanost oblikuje tokove turi-
sta, sezonalnost i konkurentnost odrediSta
(ACI Europe, 2023; ACI Europe & SEO
Amsterdam Economics, 2024), stoga neu-
jednacen post-COVID oporavak ima izravne
implikacije na obnovu potraznje, odrZavanje
medunarodnih linija i jacanje regionalne ot-
pornosti (ACI Europe, 2023; Frontier Econo-
mics, 2023). Klasifikacijom europskih zema-
lja u klastere oporavka, ovaj rad nudi saZetu
tipologiju koja turistickim dionicima moZe
pomodi u prilagodbi intervencija prema sku-
pinama zemalja. Primjerice, destinacije u
sporije oporavljajuéim klasterima mogu za-
htijevati ciljane marketinske aktivnosti i pot-
porne politike za obnovu potraznje, dok ce

the authors set a two-fold research goal: i) fo
identify groups of countries with comparable
recovery patterns using k-means clustering
on standardized air-traffic indicators, and (ii)
to interpret the implications of these clusters
for tourism development, transport manage-
ment, and policy design. Therefore, the fol-
lowing research hypotheses were formulated:

H1: The European countries can be di-
vided into at least two statistically mean-
ingful clusters based on their pre- and post-
COVID air-traffic data.

H2: The magnitude of the recovery be-
tween 2020 and 2023 differs significantly
across clusters.

H3: In most countries, 2023 passenger
volumes did not fully surpass the 2018 levels.

By uncovering heterogeneity in recovery
patterns, this paper contributes to both avia-
tion and tourism research by applying infor-
mation technology and data-analytic meth-
ods in an interdisciplinary way. It highlights
which country groups exhibit resilience or
lag in recovery providing actionable insights
for policymakers, airlines, and tourism man-
agers, which are relevant for crisis man-
agement, capacity planning, and targeted
support measures in the wider tourism and
transport sectors.

Air connectivity shapes tourism flows,
seasonality, and destination competitiveness
(ACI Europe, 2023; ACI Europe & SEO
Amsterdam Economics, 2024). Hence, un-
even post-COVID recovery has direct im-
plications for rebuilding demand, sustaining
international routes, and enhancing region-
al resilience (ACI Europe, 2023; Frontier
Economics 2023). By classifying European
countries into recovery clusters, this paper
provides a concise typology that can support
tourism stakeholders’ efforts in tailoring in-
terventions by country groups. Thus, the des-
tinations in slower-recovering clusters may
require targeted marketing campaigns and
support policies to rebuild demand, while
those in faster-recovering clusters may need
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destinacije u brze oporavljaju¢im klasterima
zahtijevati upravljanje kapacitetima i strate-
gije diverzifikacije za odrZiv rast.

Podaci o zracnom prometu za 29 europ-
skih zemalja preuzeti su iz javno dostupne
baze Eurostat. Odabrane su godine kljucne
za pregled utjecaja pandemije na vrijednosti
zra¢nog prometa: predpandemijska 2018.,
pandemijska 2020. i postpandemijska 2023.
godina. Zbog sloZenosti i varijabilnosti opo-
ravka medu drZzavama, klaster analiza pred-
stavlja prikladnu metodu za ispitivanje pro-
cesa oporavka. Ona omogucuje identifikaci-
ju skupina zemalja koje su se oporavljale na
sliCan nacin ili slicnim putanjama na temelju
usporedive kvantitativne perspektive zracnog
prometa. U odnosu na konvencionalnije regre-
sijske okvire, klasteriranje je prikladnije za
eksplorativne svrhe jer identificira strukturne
odnose unutar promatranog razdoblja, umje-
sto da polazi od unaprijed zadanih odnosa
koji su nuzni u regresiji. Stoga je klasteriranje
dobro prilagodeno eksplorativnim istraziva-
njima u postpandemijskim uvjetima.

Analizom vrijednosti zra¢nog prometa
prije, tijekom i nakon pandemije, rad pruza
uvid u poremecaje u prometu i obrasce opo-
ravka. Nadalje, ukljucivanje R koda poveca-
va transparentnost, ponovljivost i metodolos-
ku jasnocu u istrazivanjima temeljenima na
podacima; kod je prikazan u prilogu rada.
Primjenom metoda klasteriranja na postpan-
demijske podatke o zra¢nom prometu, rad
klasificira zemlje prema obrascima oporavka
te pridonosi novim empirijskim dokazima o
otpornosti europskog zra¢nog prometa. Na-
lazi imaju implikacije za prometnu politiku,
planiranje oporavka nakon pandemije te Sira
istrazivanja turizma i mobilnosti.

Struktura rada je sljedeca: nakon uvoda,
pregled literature donosi pozadinu primje-
ne klasteriranja u analizi zratnog prometa.
Treée poglavlje opisuje metodologiju, dok
Cetvrto poglavlje prikazuje empirijske re-
zultate. ZavrSno poglavlje saZima kljucne
spoznaje, ogranicenja i prijedloge za buduca
istraZivanja.

capacity management and diversification
strategies for sustainable growth.

Air traffic data from 29 European countries
were collected from the Eurostat database. The
data for the crucial years for determining the
impact of COVID-19 pandemic on the air traffic
values were selected: pre-pandemic 2018, pan-
demic 2020, and post-pandemic 2023. Due to
the complexity and variation of recovery from
the pandemic in the air traffic context across
different countries, cluster analysis provides a
useful method of examining the recovery pro-
cess. It allows identifying clusters of countries
that recovered in a similar manner or trajecto-
ry based on comparative quantitative air traf-
fic perspective. Clustering is more suitable for
exploratory purposes than more conventional
regression frameworks as it allows identifying
structural relationships in the specified period
as against pre-defined relationships required
in regression. Hence, clustering is well-suited
for exploratory research under post-pandemic
conditions.

By examining air traffic values before,
during, and after the COVID-19 pandemic,
this paper will provide insights into air traffic
disruptions and recovery patterns. Further-
more, embedding R code in this paper will
potentially enhance transparency, replicabili-
ty, and methodological clarity in data-driven
research. The code is shown in the Appen-
dix. Utilizing clustering methods to analyze
post-pandemic air traffic data, this paper clas-
sifies countries in line with recovery patterns
and contributes new empirical evidence on
the resilience of European air transport. The
findings have implications for transport pol-
icy, pandemic recovery planning, and wider
tourism and mobility investigations.

The article is structured as follows: after
Introduction, Literature Review presents the
background on the use of clustering in air traf-
fic analyses. The third section describes meth-
odology, while the fourth one provides empir-
ical findings. The final section summarizes
the most important research findings, limita-
tions, and suggestions for future research.



Ivan Jaji¢, Katarina Curko, Jasmina Pivar: Klasteriranje europskih zemalja prema oporavku...

217

2. PREGLED LITERATURE

Industrija zratnog prometa i zrakoplov-
nih prijevoznika posljednjih je godina doZi-
vjela izrazite promjene. Pandemija bolesti
COVID-19 snazno je pogodila zrakoplovnu
industriju (Mohd Kamal et al., 2024). Na-
dalje, razlicita ograniCenja putovanja u po-
jedinim zemljama promijenila su percepciju
zranog prijevoza i trajno utjecala na navi-
ke potroSaca (Mohd Kamal et al., 2024). U
sektoru zracnih prijevoznika nuZan je podat-
kovno utemeljen pristup, osobito u upravlja-
nju tokovima zracnog prometa. Taj je aspekt
presudan u pristupu specifiénoj zracnoj luci
kako bi se osigurali sigurni dolasci zrakoplo-
va, ali i smanjila zaguSenost u samoj luci radi
ucinkovitijeg upravljanja slotovima i flotom
(Di Luigi et al., 2022; Lui et al., 2020).

Podatkovno utemeljeni pristupi koji se
oslanjaju na metode klasteriranja koriste se
za detaljniju analizu zra¢nog prometa. Kla-
steriranje je primijenjeno za uvid u intraeu-
ropske putanje letova tijekom jedne ljetne
sezone (Lui et al., 2020; Boli¢ et al., 2022).
Analiza je pokazala jasnu povezanost kla-
stera putanja s tipovima zrakoplova i opera-
tivnim troskovima leta. Slicno tome, pristup
temeljen na klasteriranju primijenjen je za
analizu putanja u zrac¢noj luci Toulouse—
Blagnac radi boljeg razumijevanja prometa
i rasporeda slijetanja (Olive i Morio, 2019).
Nadalje, analiza podataka o kretanju, pot-
pomognuta klasteriranjem obrazaca osjetlji-
vim na relevantnost koje uzima u obzir samo
odredene putanje, demonstrirana je na tri
studije slucaja s realnim podacima zracnog
prometa (Andrienko et al., 2018). Na temelju
eigengap-kriterija koriSten je automatski hi-
jerarhijski algoritam klasteriranja za izvedbu
kategorija mreze zra¢nog prometa u termi-
nalnom podrucju; algoritam je obradio 404
leta pravcem sjever—jug i izdvojio tri katego-
rije (Zhang et al., 2020).

Novija literatura u sve ve¢oj mjeri razma-
tra u¢inke pandemije COVID-19 na zracni
promet. Suau-Sanchez et al. (2020) proveli

2. LITERATURE REVIEW

The air traffic and airline industry have
seen drastic changes in the recent years. The
COVID-19 pandemic severely affected the
airline industry (Mohd Kamal et al., 2024).
Furthermore, various countries’ travel re-
strictions changed the perception of air travel
and impacted consumers’ habits permanent-
ly (Mohd Kamal et al., 2024). The airline
carrier sector needs a data-driven approach,
especially in air traffic flow management.
This aspect is vital in approaching a specific
airport to ensure safe and sound arrivals of
aircraft as well as to decrease the congestion
in the airport itself for better slot and aircraft
management (Di Luigi et al.,2022; Lui et al.,
2020).

Data-driven approaches using cluster-
ing methods are used more detailed analy-
ses of air traffic. Clustering was applied to
gain insights into intra-European flight tra-
jectories during one summer season (Lui ez
al., 2020; Boli¢ et al., 2022). The analysis
showed a clear relation between trajectory
clusters with aircraft types and operational
flight costs. Similarly, a clustering-based ap-
proach was applied to analyze trajectories in
the Toulouse-Blagnac airport for a better un-
derstanding of traffic and landing schedules
(Olive and Morio, 2019). Then, movement
data analysis supported by relevance-aware
pattern clustering that considers only certain
trajectories was demonstrated on three case
studies with real air traffic data (Andrienko
et al., 2018). An eigengap-based automatic
hierarchical clustering algorithm was used to
derive categories of the air traffic network in
the terminal area. It analyzed the data on 404
north-south-oriented aircraft flight trajecto-
ries and derived three categories (Zhang et
al., 2020).

Recent literature has increasingly exam-
ined the effects of COVID-19 on air trans-
port. (Suau-Sanchez et al., 2020) conducted
a preliminary evaluation of the impacts of
COVID-19 on air transport and discussed the
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su preliminarnu ocjenu utjecaja pandemije
na zracni promet, raspravili strukturne ranji-
vosti industrije i zakljucili da bi pandemija
mogla izazvati dugorone promjene u zra-
koplovnim operacijama diljem svijeta. Xia-
ogian et al. (2021) na sli¢an su nacin sveobu-
hvatno ispitali poremecaje uzrokovane pan-
demijom COVID-19 te primijenili mreZni
pristup mobilnosti kako bi izolirali uocljive
promjene u tokovima zra¢nog prometa i ope-
rativnoj otpornosti. Jangik i Rafferty (2021)
istrazili su obrasce oporavka u zrakoplov-
nom sektoru, osobito u regiji Azija—Pacifik,
gdje su vocili da su putanje oporavka i poli-
tike, promatrane kroz njihovu ucinkovitost,
ne samo znacajne nego i izrazito varijabilne
unutar regije.

Istodobno, istrazivanja u turizmu isticu
da je zracna povezanost temelj protoka turi-
sta i konkurentnosti destinacija (ACI Europe,
2023). Neujednacen oporavak zra¢nog pro-
meta diljem Europe odrazava i Sire nalaze
kako je postpandemijski povratak bio izrazito
asimetrican, pri ¢emu su neka trziSta znatno
zaostajala za drugima (Frontier Economics,
2023). Unato¢ studijama koje se bave poreme-
¢ajima i izazovima oporavka, vecina se usre-
dotocuje ili na Siroke regionalne obrasce (npr.
kontinentalne ucinke) ili na strategije pojedi-
nih zrakoplovnih prijevoznika. Ovaj rad zau-
zima drugaciji pristup primjenom metoda kla-
steriranja radi sustavne klasifikacije obrazaca
oporavka zracnog prometa medu drZavama
¢lanicama Europe, nudec¢i detaljniju perspek-
tivu na razini pojedine zemlje.

Metode razdvajanja govornih segmenata
pilota u razlicite klastere uz pomo¢ aglomera-
tivnog hijerarhijskog klasteriranja prikazane
su i vrednovane na dva javno dostupna sku-
pa podataka: korpusu ATCO2 i LDC-ATCC
(Khalil et al., 2023). Osim toga, i slikovni po-
daci o zratnom prometu mogu se analizirati
klasteriranjem. Primjerice, Competitive Lear-
ning Riemannian Quantization primijenjen je
kao metoda klasteriranja na stvarnim podaci-
ma radi definiranja homogenih zona zracnog
prostora (Le Brigant i Puechmorel, 2019). Ta-

industry’s structural vulnerabilities to con-
clude that the pandemic might provoke long-
term changes in aviation operations around the
globe. Xiaogian et al. (2021) similarly exam-
ined COVID-19-derived disruptions compre-
hensively and mobilized a mobility network
approach to help isolate observable changes
in air traffic flows and operational resilience.
Jangik and Rafferty (2021) explored recovery
patterns in the aviation sector, specifically in
the Asia-Pacific region, where they observed
that recovery trajectories and polices, regard-
ing their effectiveness, were not only signifi-
cant but also underpinned extensive variation
across the region.

Concurrently, tourism research highlights
that air connectivity is fundamental for tour-
ist flows and destination competitiveness (ACI
Europe, 2023). The uneven recovery of air
transport across Europe also reflects broad-
er analyses showing that the post-pandemic
rebound was highly asymmetric, with some
markets lagging significantly behind others
(Frontier Economics, 2023). Despite previous
studies addressing pandemic-related disrup-
tions and recovery challenges, most focused
either on broad regional patterns (e.g., conti-
nent-wide impacts) or on the strategies of in-
dividual airlines. This paper takes a different
approach by applying clustering methods to
systematically classify air traffic recovery pat-
terns across European member states, offering
a more detailed, country-level perspective.

Methods for separating the speech parts
of pilots into different clusters based on the
speaker’s voice using agglomerative hierar-
chical clustering have been presented and
evaluated on two publicly available data-
sets: the ATCO2 corpus and the Linguistic
Data Consortium Air Traffic Control Cor-
pus (LDC-ATCC) (Khalil et al., 2023). Fur-
thermore, air traffic image data can also be
analyzed by using clustering algorithms. For
instance, Competitive Learning Riemannian
Quantization was used as a clustering meth-
od on real data to get homogenous zones of
airspace (Le Brigant and Puechmorel, 2019).
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koder, pristup k-srednjih vrijednosti koriSten
je za identifikaciju malih bespilotnih letjelica
na temelju grafickih reprezentacija radiofre-
kvencijskih signala, §to moZe posluZiti kao te-
melj za sustave ranog upozoravanja (Swinney
et al.,2022). U kontekstu zrakoplovstva, oda-
bir kontrolora zra¢nog prometa kljucan je
element upravljanja sigurnoscéu. Intrinzicni
¢imbenici kontrolora mogu utjecati na vizual-
nu paznju pa je vazno razviti sustavan pristup
procjeni tih ¢imbenika kako bi se razlikovale
razine izvedbe vizualne paZnje. Klasteriranje
je pritom koriSteno kao dio sustavne procje-
ne intrinzi¢nih obiljeZja polaznika studija za
kontrolore zra¢nog prometa te je pomoglo ra-
zlikovati Cetiri razine kvaliteta: neadekvatnu,
umjerenu, dobru i izvrsnu (Zhang et al., 2018).
U ovome se radu problem podsektorizacije
zraénog prostora modelira kao viSekriterij-
ski problem klasteriranja u slozenim mreza-
ma, koji se zatim rjeSava primjenom metode
minimalne omedujuce geometrije za dizajn
konveksnih i kompaktnih granica. Slijedom
toga, tocke i rute u indijskom zra¢nom pro-
storu predstavljene su kao mrezni graf, a pro-
metna opterecenja nasumicno su dodijeljena
¢vorovima kako bi se vodio dekompozicijski
diskretni algoritam rojnih Cestica. Ovakav je
pristup generirao klastere koji predstavljaju
podkategorije zracnog prostora i pokazao da
mreze zracnog prometa imaju hijerarhijsku
strukturu (Chandra et al., 2024).

Podaci o zranom prometu, posebice obu-
jam prometa, mogu se koristiti i za analizu ma-
kroekonomskog razvoja. Klasteriranje k-sred-
njih vrijednosti primijenjeno je na grupiranje
mjesecnih volumena zra¢nog prometa tijekom
168 mjeseci u pet klastera, koji su potom poslu-
zili kao podloga za daljnju analizu makroeko-
nomskih ¢imbenika (Chen et al., 2020).

Neki su se autori bavili unaprjedenjem
tehnika temeljenih na klasteriranju za ot-
krivanje obrazaca putanja zranog prometa.
Primjerice, komprimirani podaci o putanja-
ma analizirani su brzom metodom klaste-
riranja temeljenom na gustoama (DPCA)
radi poboljSanja tocnosti predvidanja obra-

Additionally, the k-means clustering approach
was used to identify small unmanned aerial
systems based on graphical signal represen-
tations. This can provide a basis for creating
early warning systems (Swinney et al., 2022).
In aviation, selecting air traffic controllers is
key to aviation safety management. The in-
trinsic factors of the controllers can influence
visual attention performance, so it is import-
ant to develop a systematic assessment ap-
proach of intrinsic factors to distinguish the
levels of visual attention performance. Fur-
thermore, clustering was used as part of the
systematic assessment of intrinsic qualities of
air traffic control students, which facilitated
distinguishing four levels of intrinsic quali-
ties: inadequate, moderate, good, and excel-
lent (Zhang et al., 2018). This paper models
the airspace sub-sectorization problem as a
multi-objective complex network clustering
problem, which is then solved by applying the
minimum bounding geometry method to de-
sign convex and compact boundaries. Subse-
quently, Indian airspace waypoints and routes
are presented as a network graph, and traffic
loads were randomly allotted to the vertices
to guide the decomposition-based discrete
particle swarm optimization algorithm. This
approach generated clusters representing
sub-categories of airspace, which showed that
air transport networks have a hierarchical
structure (Chandra et al., 2024).

Air traffic data, particularly air traffic vol-
ume, can be used for analysing macroeconom-
ic development. The K-means clustering meth-
od was used to group air-traffic volume data
during 168 months into five clusters, which
then served as the basis for further analysis of
macroeconomic factors (Chen et al., 2020).

Some authors dealt with the improvement
of clustering-based techniques for mining
air-traffic trajectory patterns. For example,
the compressed trajectory data is analyzed
using a fast-clustering algorithm based on
density peaks (DPCA) to improve the accu-
racy of pattern prediction (Tang et al., 2022).
The approach that consists of coarse cluster-
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zaca (Tang et al., 2022). Pristup koji se sa-
stoji od klasteriranja, detekcije iznimaka i
konstrukcije agregiranih ruta razvijen je za
identifikaciju i procjenu Cesto koristenih pu-
tanja letova (Bombelli ef al., 2019). Hijerar-
hijsko klasteriranje, particijsko klasteriranje
i K-Shape klasteriranje testirani su kako bi
se odredila najprikladnija metoda za ana-
lizu vremenskih nizova zra¢nog prometa u
Maleziji; najboljom se pokazala particijska
metoda koja koristi dinamic¢ko poravnanje u
vremenu (DTW) (Ghani et al., 2020).

Iako je viSe radova primijenilo metode
klasteriranja za istraZivanje obrazaca zra¢nog
prometa (Bombelli et al., 2019; Chen et al.,
2020), vecina se studija usredotocila na op-
timizaciju putanja, sektorizaciju ili moderni-
zaciju upravljanja zraénim prometom (ATM).
Vrlo je malo pokusaja da se sveobuhvatno is-
pita obujam putnickog zra¢nog prometa u od-
nosu na pandemiju COVID-19. Konkretno, ne
postoji sustavna analiza klasteriranja europ-
skih zemalja koriStenjem viSegodiSnjih poda-
taka o prometu prije, tijekom i nakon pande-
mije, uz oslanjanje na javno dostupne skupove
podataka poput Eurostatova avia_paocc. Ovo
istraZivanje popunjava vazan znanstveni jaz
identificiranjem razlika u obrascima oporav-
ka putnickog prometa na makrorazini primje-
nom tehnika klasteriranja. Zatim, kombinira-
nje alata R i JASP povecava transparentnost,
ponovljivost i metodoloSku jasnocu u ovom
podatkovno utemeljenom istraZivanju.

3. METODOLOGIJA
3.1. Podaci o zra¢nom prometu

Za ovo istraZivanje autori su koristili
otvorene podatke iz baze Eurostata (skup
podataka: Air passenger transport between
reporting countries, Sifra: avia_paocc, pri-
stupljeno 2025). Navigacija u Eurostatu: De-
tailed datasets — Overview of air passenger
transport by country and airports (avia_pao)
— Air passenger transport between reporting
countries (avia_paocc). Iz ovoga su skupa po-

ing, fine clustering, outlier detection, and
aggregate route construction was developed
for the identification and approximation of
well-traveled flight trajectories (Bombelli et
al., 2019). Hierarchical clustering, partitional
clustering, and K-Shape clustering were test-
ed to find the best method for the analysis
of time series air-traffic data over Malaysia.
Partitional clustering algorithm using the
Dynamic Time Warping proved to be the
best (Ghani et al., 2020).

While several research papers applied
clustering techniques for exploring air traffic
patterns (Bombeni et al., 2019; Chen et al.,
2020), most studies focused on trajectory op-
timization, sectorization, or modernization
of air traffic management (ATM). There have
been very few attempts to comprehensively
examine passenger air traffic volume con-
cerning the COVID-19 pandemic. Precisely,
there is no systematic analysis of clustering
European countries using multi-year passen-
ger traffic based on the traffic before, during,
and after, using a publicly available dataset,
such as Eurostat’s avia_paocc. This research
scientifically contributes to an important
gap in identifying differences in recovery
patterns for passenger traffic concerning
COVID-19 at the macro level using cluster-
ing techniques. Furthermore, combining R
and JASP in this paper will enhance trans-
parency, replicability, and methodological
clarity in this data-driven research.

3. METHODOLOGY
3.1. Air-traffic data

The research used open data from the
Eurostat database (dataset: Air passenger
transport between reporting countries, code:
avia_paocc, accessed 2025). Data navigation
tree at Eurostat is Detailed datasets — Over-
view of air passenger transport by country
and airports (avia_pao) — Air passenger trans-
port between reporting countries (avia_pa-
occ). The dataset yielded information on 29
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dataka izdvojene informacije za 29 europskih
zemalja s potpunim zapisima za tri referentne
godine: 2018. (predpandemijska osnovica),
2020. (pandemijska godina) i 2023. (godina
postpandemijskog oporavka). Tako pripre-
mljeni skup sadrZi tri varijable: godina, broj
putnika i zemlja. Varijabla ,,godina” ima tri
modaliteta (2018., 2020., 2023.), ,,broj put-
nika® je numericka diskretna varijabla koja
oznacuje ukupne vrijednosti, a ,,zemlja“ je no-
minalna varijabla s 29 modaliteta, kao Sto je
prikazano u Tablici 1. Ove varijable omogucu-
ju konstruiranje obiljeZja koja zahvacaju kako
razinu putni¢kog prometa tako i relativne pro-
mjene tijekom tri odabrane godine. Umjesto
modeliranja dugorocnih trendova, analiza se
usredotocuje na obrasce poremecaja i oporav-
ka povezane s pandemijom COVID-19. Me-
todoloski pristup temelji se na klasicnom sta-
tistickom klasteriranju (k-srednja vrijednost),
etabliranoj eksplorativnoj tehnici odabranoj
zbog interpretativnosti i transparentnosti.

Tablica 1: Varijable koristene za klaster

European countries with complete records
for three reference years: 2018 as the pre-pan-
demic baseline, 2020 as the pandemic year,
and 2023 as the post-pandemic recovery year.
The prepared dataset, therefore, includes
three variables: year, number of passengers,
and country. The ‘year’ has three modalities
(2018, 2020, 2023), the ‘number of passen-
gers’ is a discrete variable indicating total
counts, and the ‘country’ is a nominal vari-
able with 29 modalities as shown in Table 1.
These variables allow construction of features
that capture both the level of passenger traffic
and the relative changes across the three se-
lected years. Rather than modelling long-term
trends, the analysis focuses on patterns of dis-
ruption and recovery patterns associated with
the COVID-19 pandemic. The methodologi-
cal approach is based on classical statistical
clustering (k-means), established exploratory
data analysis technique selected for interpret-
ability and transparency.

Table 1: Variables used in the research for

analizu clustering
Varijabla Tl P Modaliteti / Min-Max Variable Variable Modalities / Min-Max
varijable type
Godina | Ordinalna 2018.,2020.,2023. Year Ordinal 2018, 2020, 2023
Broj | Numericka, | )07 767, 936 451 496] Number of | Numerical, | 1) ¢7767. 53645 1496]
putnika diskretna passengers |  discrete
Austrija, Belgija, Austria, Belgium,
Bugarska, Hrvatska, Bulgaria, Croatia, Cyprus,
Cipar, éeéka, Danska, Czechia, Denmark,
Estonija, Finska, Estonia, Finland, France,
Francuska, Njemacka, Germany, Greece,
Grcka, Madarska, Island, Hungary, Iceland, Ireland,
Zemlja | Nominalna Irska, Italija, Latvija, Country Nominal Italy, Latvia, Lithuania,
Litva, Luksemburg, Malta, Luxembourg, Malta,
Nizozemska, Norveska, Netherlands, Norway,
Poljska, Portugal, Poland, Portugal,
Rumunjska, Slovacka, Romania, Slovakia,
Slovenija, Spanjolska, Slovenia, Spain, and
Svedska Sweden

Izvor: rad autora

Source: Authors’ elaboration
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3.2. Metodoloski okvir — k-srednja
vrijednost klasteriranje

Metodoloski okvir kombinira postupke
klasteriranja s viSestrukim indeksima valid-
nosti. Algoritam k-srednje vrijednosti koriSten
je za particioniranje standardiziranih obi-
ljezja u k klastere, dok je t-SNE primijenjen
iskljuc¢ivo radi vizualizacije dobivenih sku-
pina (Roweis ef al., 2000). Stabilnost mode-
la procijenjena je metodom lakta, Silhouette
koeficijentom i Calinski—Harabasz indeksom.
Ova kombinacija uravnotezuje jednostavnost i
tumacivost te osigurava da analiza zadrZi ro-
busnost u postavci s relativno malim brojem
jedinica (small-N) i niskom dimenzionalno-
$¢u (Akogul i Erisoglu, 2017; Ikotun et al.,
2023). Postupak klasteriranja k-srednje vri-
jednosti minimizira unutar-klastersku vari-
jancu, opisanu funkcijom kvadratne pogreske:

p=) 2 k-wlt o

k
J=1i€(Cj

gdje k oznaCava broj klastera; i indeksira
opazanja (ovdje: zemlje); C_j je skup opa-
Zanja u klasteru j; x_i je vektor obiljezja za
opaZzanje i; p_j je centroid klastera j. Funk-
cija J predstavlja zbroj kvadrata euklidskih
udaljenosti unutar klastera koji algoritam
k-srednje vrijednosti minimizira.

Optimalan broj klastera odreden je me-
todom lakta, koja identificira to¢ku nakon
koje daljnje povecavanje k ne donosi bitno
smanjenje unutar-klasterske varijance. Radi
interpretacije, klasteri i zemlje vizualizirani
su t-SNE-om (Roweis et al., 2000). Valjanost
rjeSenja dodatno je procijenjena pomocu
viSe indeksa. Uz metodu lakta, razmatra-
ni su Akaikeov informacijski kriterij (AIC)
i Bayesov informacijski kriterij (BIC), pri
¢emu nize vrijednosti oznacavaju bolji kom-
promis izmedu prilagodenosti i ekonomicno-
sti. Silhouette pristup (raspon —1 do 1; vise
je bolje) koji odrazava vecu koheziju i od-
vojenost takoder je primijenjen za procjenu
konzistentnosti unutar klastera. Dodatno su

3.2. Methodological framework -
k-means clustering

The methodological framework com-
bines clustering procedures with multiple
validation indices. K-means was employed
to partition standardized features into k clus-
ters, while t-SNE was used exclusively for
visualization of the resulting groups (Roweis
et al., 2000). Model stability was evaluated
using the Elbow method, the Silhouette co-
efficient, and the Calinski—Harabasz index.
This combination balances simplicity and
interpretability, ensuring that the analysis re-
mains robust in a relatively small-N, low-di-
mensional setting (Akogul and Erisoglu,
2017; Ikotun et al., 2023). The K-means clus-
tering procedure is to minimize intra-clus-
ter variance, described by the squared error

function:
k
2
)= > - wl (1)

where k is the number of clusters, i indices
an observation (here: country), Cj is the set
of observations assigned to cluster j, xi is
the feature vector for observation i, and uj
(or ¢j) is the centroid of cluster j. The func-
tion J represents the within-cluster sum of
squared Euclidean distances minimized by
the k-means algorithm.

The optimal number of clusters was deter-
mined using the Elbow method, which iden-
tifies the point at which further increases in
k do not substantially reduce within-cluster
variance. To aid interpretation, clusters and
participating countries were visualized using
t-SNE (Roweis et al., 2000,). The validity of
the clustering solution was further assessed
through multiple indices. Besides the Elbow
method, also considered were the Akaike
Information Criterion (AIC) and Bayesian
Information Criterion (BIC), where lower val-
ues indicate a better balance between model
fit and parsimony. The Silhouette approach
(range —1 to 1; higher is better) reflecting
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primijenjeni Dunnov indeks (viSe je bolje),
Calinski—Harabasz indeks (vrijednosti > 100
upucuju na dobro razlucive klastere), Pearso-
nov vy (raspon —1 do 1, s viS§im vrijednostima
koje odrazavaju jacu unutarnju konzisten-
tnost) i entropija (0 = savrSeno klasteriranje;
> 0 = viSa nesigurnost) (Hendrawati et al.,
2019; Ikotun et al., 2025). Skupno, ti poka-
zatelji ¢ine robustan okvir za vrednovanje
stabilnosti klaster rjeSenja.

Empirijska implementacija oslonila se na
kombinaciju R i JASP, dva otvorena statistic-
ka okruzenja. R je koriSten za pripremu po-
dataka, izracun postotnih promjena i graficke
prikaze, a JASP je posluzio za deskriptivnu
statistiku, metodu lakta i evaluaciju klastera
(Akogul i Erisoglu, 2017; Ikotun et al., 2023).
Inicijalni skup podataka (Siroki format: ze-
mlje x godine) preoblikovan je u dugi format
u R-u radi lakSe manipulacije. Brojevi putni-
ka za 2018.,2020. i 2023. godinu posluZili su
kao primarna obiljeZja. Uz to su izraCunate
postotne promjene za razdoblja izmedu 2018.
12020.,2020. i 2023. te 2018. i 2023. godine
kako bi se obuhvatili Sok i dinamika oporav-
ka. Prije klasteriranja, sva obiljezja standar-
dizirana su radi usporedivosti.

Kombiniranjem apsolutnih razina i stopa
promjene, metodologija nadilazi stati¢ko kla-
steriranje obujma te ukljucuje usporedna po-
nasanja oporavka. Ovi relativni indikatori (u
nastavku: postotne promjene klastera) kvan-
tificiraju poremecaj i oporavak u razdobljima
izmedu 2018. i 2020., 2020. i 2023. te 2018.
i 2023. godine. Takav pristup omogucuje
identifikaciju heterogenih obrazaca otpor-
nosti medu europskim zemljama. Na kraju,
klasteriranje putnickih podataka, potvrdeno
viSestrukim indeksima, daje nove empirijske
dokaze o postpandemijskom oporavku zrac-
nog prometa. Ne samo da primjenjuje utvr-
dene statisticke tehnike, ve¢ ih i operaciona-
lizira unutar okvira specificnog za pojedinu
domenu, doprinoseéi tako empirijskim spo-
znajama i prakticnim implikacijama politike
u okviru prometa i turizma u Europi.

higher cohesion and separation was also ap-
plied to evaluate consistency within clusters.
Additional indices included the Dunn index
(higher is better), the Calinski-Harabasz in-
dex (values >100 indicate distinct clusters),
Pearson’s v (range 1 to 1, with higher values
reflecting stronger internal consistency), and
entropy values (0 indicates perfect cluster-
ing, >0 higher uncertainty) (Hendrawati et
al., 2019; Ikotun et al., 2025). Together, these
measures provided a robust framework for
evaluating the stability of the cluster solution.

The empirical implementation relied on a
combination of R and JASP, two open-source
statistical platforms. R was used for data
wrangling, calculation of percentage changes,
and graphical presentation, while JASP pro-
vided a transparent interface for descriptive
statistics, Elbow analysis, and cluster evalu-
ation (Akogul and Erisoglu, 2017; Ikotun et
al., 2023). The initial dataset, organized in
wide format (countries x years), was reshaped
into long format in R for easier manipulation.
Passenger numbers for 2018, 2020, and 2023
served as the primary features. In addition,
percentage changes between 2018 and 2020,
2020 and 2023, and 2018 and 2023 were com-
puted to capture both the disruptive shock and
subsequent recovery dynamics. These fea-
tures were standardized before clustering to
ensure comparability across variables.

By combining absolute levels with
change-rate measures, the methodology
moves beyond static clustering of volumes
and incorporates comparative recovery be-
haviors. These relative indicators, hereafter
referred to as cluster percentage changes,
capture disruption and recovery between
2018 and 2020, 2020 and 2023, and 2018 and
2023. This approach enables the quantitative
identification of heterogeneous resilience
patterns among European countries. Ulti-
mately, passenger data based clustering, val-
idated by multiple indices, provides new em-
pirical evidence on post-pandemic air traffic
recovery. It not only applies the established
statistical techniques but also operational-
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4. REZULTATI

Ovaj odjeljak prikazuje rezultate deskrip-
tivne statistike, metode lakta i graficke rezul-
tate klastera t-SNE-a. Nadalje, ukljuceni su
rezultati valjanosti i evaluacijskih metrika
klasteriranja s jasno definiranim vremen-
skim komponentama te njihovim grafickim
prikazima. Na kraju se varijacije godiSnjih
promjena prikazuju i graficki i numericki, uz
statistiCku ocjenu.

Deskriptivna statistika prikazana je za
podatke o zratnom prometu po drZavama i
godinama (Tablica 2). Radi usporedivosti,
broj drzava zadrzan je na 29 tijekom cijelog
trogodiSnjeg razdoblja jer su sve imale raspo-
lozive podatke. Podaci su prikazani u logari-
tmiranom obliku kako bi se olaksala inter-
pretacija. Koeficijent asimetri¢nosti upucuje
na pribliZznu simetri¢nost uz male pozitivne
i negativne odmake, koji su zbog svoje ve-
li¢ine zanemarivi. S druge strane, negativ-
na spljostenost ukazuje na ,,lakSe repove™ u
odnosu na normalnu raspodjelu, tj. manju
zastupljenost ekstremnih vrijednosti. Ipak,
procjene su osjetljive na veli¢inu uzorka te ih
treba tumaciti oprezno. Shapiro—Wilkov test
normalnosti nije znacajan, §to upucuje na to
da se hipoteza o normalnosti raspodjele ne
odbacuje.

izes them within a domain-specific frame-
work, thus contributing to the empirical liter-
ature and to practical policy implications in
the European transport and tourism sectors.

4. EMPIRICAL FINDINGS

This section includes the results of de-
scriptive statistics, the Elbow method, and
t-SNE cluster graphical results. Furthermore,
the results of cluster validity and evaluation
metrics with a defined time component and
their graphical representation will be includ-
ed. Lastly, yearly change variations will be
imposed through both graphical and numeri-
cal values with statistical evaluation.

Descriptive statistics is shown for air
traffic data for countries per year (Table 2).
For easier analysis, the number of countries
remained at 29 for the whole three-year pe-
riod because they had data available for the
given period. The data is shown in the log
format to ease the data representation. Skew-
ness coefficient shows that the data is sym-
metric with small differences in positive and
negative values, but they are disregarded due
to their small size. Conversely, negative kur-
tosis indicates lighter tails relative to normal
distribution, i.e. lower presence of extreme
values. Nevertheless, the estimates are sam-
ple-size sensitive and should be interpreted
cautiously. The Shapiro-Wilk normality test
is non-significant, which indicates normal
data distribution.
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Tablica 2: Deskriptivna statistika zracnog
prometa u promatranim godinama

Table 2: Descriptive statistics (air traffic
data) for the investigated years

Metrika/Godine 2018. | 2020. | 2023. Metrics/ Years 2018 | 2020 | 2023
Validnost 29 29 29 Valid 29 29 29
Nedostaje 0 0 0 Missing 0 0 0

Medijan 7,348 | 6,821 | 7,361 Median 7.348 | 6.821 | 7.361
Srednja vrijednost 7.341 | 6,756 | 7,327 Mean 7.341 | 67756 | 7.327
Std. devijacija 0,566 | 0,607 | 0,579 Std. Deviation 0.566 | 0.607 | 0.579
Koeficijent varijacije | 0,077 | 0,090 | 0,079 Coefﬁ.c1jcnt of 0077 | 0090 | 0.079
Asimetrija 0,023 | -0,124 | -0,054 variation
N Skewness 0.023 | -0.124 | -0.054
Std'.pogtr??ka 0434 | 0434 | 0434 Sd Bror o
asumetrye oo 0434 | 0434 | 0434
Spljostenost -0,577 | -0,509 | -0,449 Skewness
Std. pogreska Kurtosis -0.577 | -0.509 | -0.449
spljoStenosti 08451 08451 0.845 Std. Error of Kurtosis | 0.845 | 0.845 | 0.845
Shapiro-Wilk 0974 | 0975 | 0,982 Shapiro-Wilk 0974 | 0975 | 0.982
P-vrijednost Shapiro- P-value of Shapiro-
Wilk 0,669 | 0,687 | 0,388 Wilk 0.669 | 0.687 | 0.888
Minimum 6,258 | 5459 | 6,103 Minimum 6.258 | 5459 | 6.103
Maksimum 8,348 | 7,764 | 8,374 Maximum 8.348 | 77764 | 8.374

Izvor: rad autora

Slika 1 prikazuje krivulju metode lakta za
istrazivanje klastera. Krivulja upucuje na to
da se smanjenje unutar-klasterske varijance
usporava kod rjeSenja s tri klastera. Isti je za-
kljucak dobiven za sve tri promatrane godine.

Source: Authors’ elaboration

Figure 1 shows the Elbow method curve
for research clusters. The curve shows that the
decrease of intra-cluster variance slows down
at the three-cluster solution. The same conclu-
sion was yielded for all three research years.

Slika 1: Metoda lakta za istraZivane klastere | Figure 1: The Elbow method for research
clusters
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Izvor: izrada autora / Source: Authors’elaboration
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Dijagram t-SNE prikazuje poloZaj zema-
lja i pripadnost klasterima za tri izdvojena
podatkovna klastera. Metodologija pojedno-
stavljuje optimizaciju i poboljSava vizualnu
interpretaciju (Roweis et al., 2000). Vrijed-
nosti su prikazane na Slici 2. Zemlje su ti-
jekom sve tri godine ostale u istom klasteru,
Sto znaci da ih je COVID-19 mogao promi-
jeniti po poretku unutar klastera, ali ne i po
pripadnosti skupini.

Klaster 1: (zemlje br. 5, 9, 10, 12): Nje-
macka (DE), Francuska (FR), §panjolska
(ES), Italija (IT). Klaster 2; (zemlje br. 1, 4,
7,8,19,20,21,22,27,29): Nizozemska (NL),
Belgija (BE), Poljska (PL), Austrija (AT),
Gr¢ka (GR), Portugal (PT), Svedska (SE),
Norveska (NO), Finska (FI), Danska (DK).
Klaster 3 (zemlje br. 2, 3, 6, 11, 13, 14, 15,
16, 17, 18, 23, 24, 25, 26, 28): Hrvatska (HR),
Slovenija (SI), Slovacka (SK), Madarska
(HU), Bugarska (BG), Rumunjska (RO), La-
tvija (LV), Litva (LT), Estonija (EE), Cipar
(CY), Malta (MT), Luksemburg (LU), Ceska
(CZ), Irska (IE), Island (IS).

The t-SNE chart denotes the countries’
position and cluster representation given
the three data clusters. This methodology
simplifies optimization and improves visu-
al representation (Roweis et al., 2000). The
values can be seen in Figure 2. The coun-
tries remained in the same cluster across the
three years, meaning that COVID-19 did not
change their group but might change their or-
der within the cluster.

Cluster 1: (countries no. 5, 9, 10, 12) in-
cludes Germany (DE), France (FR), Spain
(ES), and Italy (IT). Cluster 2: (countries no.
1,4,7,8, 19, 20, 21, 22, 27, 29) brings to-
gether the Netherlands (NL), Belgium (BE),
Poland (PL), Austria (AT), Greece (GR),
Portugal (PT), Sweden (SE), Norway (NO),
Finland (FI), and Denmark (DK). Cluster 3
(countries no. 2,3,6, 11, 13, 14, 15,16, 17, 18,
23,24, 25, 26, 28) consists of Croatia (HR),
Slovenia (SI), Slovakia (SK), Hungary (HU),
Bulgaria (BG), Romania (RO), Latvia (LV),
Lithuania (LT), Estonia (EE), Cyprus (CY),
Malta (MT), Luxembourg (LU), Czechia
(CZ), Ireland (IE), and Iceland (IS).

Slika 2: t-SNE prikaz klastera za istraZivane klastere | Figure 2: t-SNE Cluster plot for
researched clusters

Cluster 3

Cluster 1

Izvor: izrada autora / Source: Authors’ elaboration
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Pokazatelji ~ valjanosti  klasteriranja
K-srednje vrijednosti prikazani su u Tablici
3. Koeficijent determinacije je visok, iznosi
94 %, $to znaci da model adekvatno objas-
njava varijacije zavisne varijable. Metrike
uspjeSnosti modela, poput Akaikeovog infor-
macijskog kriterija (AIC), Bayesovog infor-
macijskog kriterija (BIC) i vrijednosti Silho-
uette pristupa, jasno su vidljive (Hendrawati
et al., 2019). Vrijednosti AIC-a (22,970) i
BIC-a (35,280) odrazavaju kompromis iz-
medu prilagodenosti modela i njegove sloZe-
nosti, pri ¢emu nesto viSa vrijednost BIC-a
upucuje na konzervativniju kaznu za sloze-
nost modela. Silhouette koeficijent od 0,650
(na ljestvici na kojoj se vrijednosti iznad 0,5
smatraju umjereno snaznima, a vrijednosti
iznad 0,7 snaZnima) ukazuje na umjereno
dobru razdvojenost medu klasterima.

K-means clustering validity indicators
are presented in Table 3. The coefficient
of determination is high, standing at 94 %,
meaning that the model properly explains the
variations in the dependent variable. Model
performance metrics such as the Akaike in-
formation criterion (AIC), Bayesian informa-
tion criterion (BIC), and the Silhouette ap-
proach values are visible (Hendrawati et al.,
2020). The AIC (22.970) and BIC (35.280)
values reflect the trade-off between model
fit and complexity, with slightly higher BIC
values suggesting a conservative penalty for
model complexity. The Silhouette score of
0.650 (on scale where values above 0.5 are
considered moderately strong and values
above 0.7 are considered strong) indicates
moderately good separation among the clus-
ters.

Tablica 3: SaZetak modela — k-srednja vrijednost klasteriranje

Klaster N R? AIC BIC Silhouette
3 29 0,941 22,970 35,280 0,650
Izvor: rad autora
Table 3: Model Summary - K-means clustering
Clusters N R? AIC BIC Silhouette
3 29 0.941 22.970 35.280 0.650

Source: Authors’ elaboration

Tablica 4 prikazuje metrike uspjeSnosti
klastera za svaku godinu. Vrijednost Silho-
uette koeficijenta najvisa je za Klaster 3, Sto
znaci da je on najreprezentativniji od tri kla-
stera. Klaster 3 najhomogenija je i najostrije
razgrani¢ena skupina jer ostvaruje najviSu
Silhouette vrijednost (0,776) te najnizi zbroj
kvadrata unutar klastera (0,444). Klaster 1
takoder pokazuje relativno dobru razdvo-
jenost (Silhouette = 0,673), ali je najmanje
brojan (4 drzave). Klaster 2 slabije je kohe-
zivan (Silhouette = 0,464) i ima veci zbroj
kvadrata (1,813), ali obuhvaca samo 10 drza-

Table 4 presents cluster performance
metrics for each year. The Silhouette score
value is the highest for Cluster 3, meaning it
is the most representative of the three. Clus-
ter 3 is the most homogeneous and well-dis-
criminated group because it presents the
highest Silhouette value (0.776) and the
lowest within-cluster sum of squares value
(0.444). Cluster 1 also has quite good sepa-
ration (0.673 of Silhouette), but it is far less
populated (4 countries). Cluster 2 is less co-
hesively bonded (Silhouette score 0.464) and
has a larger sum of squares (1.813), but only
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va, §to upucuje na odredeni stupanj unutarnje
disperzije.

Metrike u Tablici 5 potvrduju da sam mo-
del ima zadovoljavajucu kvalitetu. Dunnov
indeks kvantificira odnos razdvojenosti i
kompaktosti klastera (zabiljeZena vrijed-
nost 0,154) te ukazuje na znatno preklapa-
nje klastera i samo umjerenu kompaktnost.
Stoga opazZena vrijednost od 0,154 sugerira
da postoji odredeni stupanj preklapanja i da
bi klasteri mogli biti jasnije razgraniCeni.
Calinski-Harabaszov indeks, s vrijednoscéu
206,748, implicira dobru razdvojenost i vrlo
kvalitetno klasteriranje. Umjerena klasterska
struktura vidljiva je i iz Pearsonova vy koefi-
cijenta od 0,565. Konacno, entropija od 0,981
upucuje na visok stupanj mijeSanja medu kla-
sterima, tj. da, iako je klasteriranje valjano, i
dalje postoji odredena nesigurnost u pogledu
tocne pripadnosti pojedinih promatranih je-
dinica klasterima. Ukupni rezultati potvrdu-
ju solidne metrike uspjeSnosti modela.

Postotne promjene po klasterima prika-
zane su u Tablici 6, pri ¢emu je 2020. godina
uzeta kao referentna. Klaster 1 (n = 4), koji
okuplja najvecéa zrakoplovna trZista (DE, FR,
ES, IT), zabiljezio je prosjecan pad od 72,5
% izmedu 2018. 1 2020. godine, nakon ¢ega je
uslijedio oporavak od +261 % u razdoblju od
2020. do 2023 godine. Unato¢ tom oporavku,
obujam prometa u 2023. godini i dalje je bio
nesto ispod razine iz 2018. godine. Klaster 2 (n
= 10), koji obuhvaca srednje velika trzista, po-
kazao je sli¢nu kontrakciju od —71,3 % 2020.
godine te naknadni oporavak od +253 % do
2023. godine, pri ¢emu su razine prometa go-
tovo dosegnule predpandemijske vrijednosti.
Klaster 3 (n = 15), koji predstavlja manja tr-
ZiSta, dozivio je najizrazitiji pad (75,1 %), ali
1 najsnazniji oporavak (+301 %), a razine pro-
meta u 2023. premasile su one iz 2018. godine.

Zajedno promatrani, ovi rezultati potvr-
duju izraZene razlike medu klasterima. Iako
su sva tri klastera snazno pogodena pande-
mijom COVID-19, najveca trziSta (Klaster
1) i srednje velika trzista (Klaster 2) poka-
zala su sporiji i djelomic¢an oporavak, dok su

contains 10 countries, which suggests some
internal dispersion.

The metrics in Table 5 confirm that the
model itself is of satisfactory quality. The
Dunn index quantifies separation versus
compactness (0.154 observed value) with an
indication of substantial cluster overlap and
only moderate compactness. Therefore, the
observed value of 0.154 shows that there is
some degree of overlap and that the clusters
could be more distinct. The Calinski-Har-
abasz index, with the value of 206.748, im-
plies good separation and excellent cluster-
ing. A moderate clustering structure is no-
ticeable by Pearson’s coefficient y of 0.565.
Lastly, the entropy of 0.981 suggests a high
degree of cluster mixing, meaning that al-
though valid, some uncertainty in exact clus-
ter assignments remains. Therefore, the over-
all results confirm fair model performance
metrics.

Cluster percentage changes are present-
ed in Table 6, whereby 2020 was used as
the benchmark year. Cluster 1 (n = 4) that
groups the largest aviation markets (DE, FR,
ES, IT), experienced an average decline of
—72.5 % between 2018 and 2020, which was
followed by a rebound of +261 % from 2020
to 2023. Despite this recovery, the air traffic
volumes in 2023 remained slightly below the
2018 levels. Cluster 2 (n = 10), comprising
medium-sized markets, showed a similar
contraction of —71.3 % in 2020 and a subse-
quent recovery of 4253 % by 2023, reaching
near pre-pandemic traffic levels. Cluster 3 (n
= 15), representing smaller markets, under-
went the steepest decline (=75.1 %) as well
as the strongest rebound (+301 %) with the
air traffic volumes in 2023 surpassed those
from 2018.

Cumulatively, these results confirm
marked cross-cluster contrasts. While all
three groups were severely affected by the
COVID-19 pandemic, the largest markets
(Cluster 1) and medium-sized markets (Clus-
ter 2) showed slower and only partial recov-
ery, whereas smaller markets in Cluster 3, al-
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manja trziSta u Klasteru 3, unato¢ najjacem
pocetnom padu, ostvarila najbrzi oporavak te
¢ak premasila predpandemijske razine broja
putnika.

Tablica 4: Metrike klastera

Klaster 1 2 3
Veli¢ina 4 10 15
Heterolﬁzrs‘fes;“““tar 0,546 | 0365 | 0,089
Zbroj kvadrata | 2,712 | 1813 | 0444
Silhouette 0,673 | 0464 | 0,776
Centar 2018. 2298 [-0.035 | 0,589
Centar 2020. 2281 | 0,002 | 0,610
Centar 2023. 2289 |-0,020 | -0,597

Izvor: rad autora

Tablica 5: Metrike modela

Metrike Vrijednost
Maksimum dijametar 1,889
Minimum separacija 0,290

Pearson’s y 0,565

Dunnov indeks 0,154

Entropija 0,981
Calinski-Harabasz indeks 206,748

Izvor: rad autora

Tablica 6: Klaster promjene (%)

Prosj_ Prosj_
Klaster promjena_ promjena_
2018_2020 2020_2023
1 -72,50 % 261 %
2 -71,30 % 253 %
-75,10 % 301 %

Izvor: rad autora

Nakon prikaza ukupnih postotnih pro-
mjena za sve klastere, autori se detaljnije
usmjeravaju na Klaster 3, buduéi da je ova
skupina zabiljeZila i najizrazeniju kontrakci-
ju i najsnazniji oporavak. Dok su Klaster 1 i

though having experienced the largest initial
decline, rebounded fastest and even exceed-
ed pre-pandemic passenger volumes.

Table 4: Cluster performance metrics

Cluster 1 2 3
Size 4 10 15
Explained proportion
within-cluster 0.546 | 0.365 | 0.089
heterogeneity

Wl‘i‘;ﬁ;r‘:; of 12712 | 1813 | 0.444
Silhouette score 0.673 | 0464 | 0.776
Center 2018 2.298 | -0.035 | -0.589
Center 2020 2.281 | 0.002 | -0.610
Center 2023 2.289 | -0.020 | -0.597

Source: Authors’ elaboration

Table 5: Model performance metrics

Metrics Value

Maximum diameter 1.889

Minimum separation 0.290

Pearson’s y 0.565

Dunn index 0.154

Entropy 0.981
Calinski-Harabasz index 206.748

Source: Authors’ elaboration

Table 6: Cluster changes (%)

Cluster | "3V 3030 | 2030 2093
1 -72.,50 % 261 %
2 -71,30 % 253 %
275,10 % 301 %

Source: Authors’ elaboration

Following the summary of overall per-
centage shifts across all clusters, the paper
focuses on examining Cluster 3 in more de-
tail as this group exhibited both the sharpest
contraction and the strongest rebound. While
Clusters 1 and 2 adhered to more moderate
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Klaster 2 slijedili umjerenije obrasce, ostaju-
¢i do 2023. godine blize predpandemijskim
razinama, zemlje u Klasteru 3 pokazale su
izrazito heterogene obrasce oporavka, Sto
opravdava dodatnu analizu. Stoga Slike 3-5
1 Tablice 7 1 8 prikazuju dinamiku unutar
Klastera 3, istic¢u¢i poremecaje i oporavak
specifi¢an za pojedine zemlje.

Slika 3 prikazuje vizualni prikaz zracnog
prometa za Klaster 3 u 2018. i 2023. godini
po zemljama. Vidljive su vrijednosti oporav-
ka, pri ¢emu su neke zemlje zabiljezile dalj-
nji rast, dok su druge i dalje ispod pocetnih
razina prije pandemije COVID-19. Opcenito
gledano, razine zracnog prometa su se opo-
ravile ili su na putu potpunog oporavka.

patterns remaining closer to pre-pandemic
levels by 2023, Cluster 3 countries displayed
highly heterogeneous recovery patterns,
which warranting further examination. Fig-
ures 3—5 and Tables 7 and 8, therefore, illus-
trate the dynamics within Cluster 3, high-
lighting country-specific disruptions and
rebounds.

Figure 3 shows the visual presentation
of air traffic for Cluster 3 in the 2018-2023
period countries. There are evident recovery
values visible with some countries experienc-
ing further growth, while others are still be-
low their initial values before the COVID-19
pandemic. Overall, the air traffic values have
recovered or are advancing toward complete
recovery.

Slika 3: Usporedba Klastera 3 izmedu 2018. i 2023. godine po drZavama | Figure 3:
Cluster 3 comparison between 2018 and 2023 by countries
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Izvor: autori, obrada u programu R / Source: Authors’ elaboration using R

Oporavak zemalja Klastera 3 izmedu 2020.
1 2023. godine djeluje snazno u vecini proma-
tranih sluCajeva, kako je prikazano u Tablici 7.
U prosjeku je zabiljeZen pad vrijednosti zrac-
nog prometa od 80 % u 2020. godini, pri cemu
su medu najteZze pogodenima bile Slovenija
(-84 %), Slovacka (82 %) i Island (-85 %).
Kada se u analizu ukljuci 2023. godina, vidljiv
je izrazit obrazac oporavka, osobito u Hrvat-

The recovery of Cluster 3 countries be-
tween 2020 and 2023 appears strong across
most of the observed countries as shown in
Table 7. On average, in 2020 there was an 80
% drop air traffic values whereby Slovenia
(-84 %), Slovakia (-82 %), and Iceland (-85 %)
were among the hardest affected. If 2023 is
factored into analysis, a significant recovery
pattern is evident — especially across Croa-
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skoj (+455 %), na Cipru (+408 %) i na Islandu
(+429 %). Nadalje, neke zemlje, poput Luksem-
burga (+20 %), Malte (+15 %) i Rumunjske (+16
%), cak su nadmasile razine iz 2018. godine, §to

upucuje na potpuni oporavak i rast.

tia (+455 %), Cyprus (+408 %), and Iceland
(+429 %). Furthermore, some countries, such
as Luxembourg (+20 %), Malta (+15 %), and
Romania (+16 %), even surpassed their 2018

levels, indicating full recovery and growth.

Tablica 7: Promjene u Klasteru 3 (broj putnika i postotak)

Promjena | Promjena | Promjena
Drzava 2018. 2020. 2023. prometa prometa prometa
2018./2020. | 2020./2023. | 2018./2023.
Bugarska 12.181.375| 3.738.156| 10.583.590 -69 % 183 % -13 %
Hrvatska 9.798.678| 1.958.355| 10.868.005 -80 % 455 % 11 %
Cipar 11.095.888 | 2.327.823| 11.828.636 -79 % 408 % 7 %
Ceska 17.893.941| 3.834.479| 15.002.832 -79 % 291 % -16 %
Estonija 2.995.830 858.165| 2.946.323 -711 % 243 % -2 %
Finska 22.268.840| 5.477.611| 16.673.588 -75 % 204 % -25 %
Madarska 15.212.355| 3.965.443| 14.921.822 -74 % 276 % 2%
Island 10.167.367| 1.531.223| 8.101.686 -85 % 429 % -20 %
Latvija 7.039.116| 1.995459| 6.620.657 -712 % 232 % -6 %
Litva 6.259.643| 1.809.106| 5.994.734 -71 % 231 % -4 %
Luksemburg 3.988.804| 1.426.183| 4.793.798 -64 % 236 % 20 %
Malta 6.805.643| 1.752.445| 7.815.593 -74 % 346 % 15 %
Rumunjska | 19.870.674| 6.626.452| 22.981.524 -67 % 247 % 16 %
Slovacka 2.814.330 501.750 | 2.435.876 -82 % 385 % -13 %
Slovenija 1.810.567 287.787| 1.268.352 -84 % 341 % -30 %
Izvor: rad autora
Table 7: Cluster 3 changes (passenger number and percentage)
Traffic Traffic Traffic
Country 2018 2020 2023 change change change
2018/2020 | 2020/2023 | 2018/2023
Bulgaria 12,181,375 | 3,738,156 | 10,583,590 -69 % 183 % -13 %
Croatia 9,798,678 | 1,958,355 | 10,868,005 -80 % 455 % 11 %
Cyprus 11,095,888 | 2,327,823 | 11,828,636 -79 % 408 % 7 %
Czechia 17,893,941 | 3,834,479 | 15,002,832 -79 % 291 % -16 %
Estonia 2,995,830 | 858,165 | 2,946,323 -711 % 243 % 2%
Finland 22,268,840 | 5477,611 | 16,673,588 -75 % 204 % -25 %
Hungary 15,212,355 | 3965443 | 14,921,822 -74 % 276 % 2%
Iceland 10,167,367 | 1,531,223 | 8,101,686 -85 % 429 % -20 %
Latvia 7,039,116 | 1995459 | 6,620,657 -72 % 232 % -6 %
Lithuania 6,259,643 | 1,809,106 | 5,994,734 -71 % 231 % -4 %
Luxembourg | 3,988,804 | 1,426,183 | 4,793,798 -64 % 236 % 20 %
Malta 6,805,643 | 1,752,445 | 7,815,593 -74 % 346 % 15 %
Romania 19,870,674 | 6,626,452 | 22,981,524 -67 % 247 % 16 %
Slovakia 2,814,330 | 501,750 | 2,435,876 -82 % 385 % -13 %
Slovenia 1,810,567 | 287,787 1,268,352 -84 % 341 % -30 %

Source: Authors’ elaboration
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Detaljnija analiza Klastera 3 prikazana je
na Slici 4. Vidljivo je da su sve zemlje za-
biljezile negativne vrijednosti u usporedbi
2018. i 2020. godine, dok se u 2023. godini
tri zemlje izdvajaju s najvisSim vrijednostima
rasta. Rije¢ je o Hrvatskoj, Islandu i Cipru.
Graficki prikaz izraden je u programskom
okruZenju R, pri ¢emu je konstruiran stup-
Casti dijagram za razdoblja izmedu 2018. i
2020. te izmedu 2020. i 2023. godine.

Further detailed analysis of Cluster 3
is visible in Figure 4. It is evident that all
countries yielded negative values when com-
paring 2018 and 2020, while in 2023 three
countries exhibit the most substantial growth
values. These countries are Croatia, Iceland,
and Cyprus. The graphic representation has
been elaborated in R software to create a bar
plot for the periods 2018-2020 and 2020-
2023.

Slika 4: Promjena prometa u Klasteru 3 (2018.-2020. i 2020.-2023. godina) / Figure 4:
Traffic change in Cluster 3 (2018-2020 and 2020-2023)
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Izvor: autori, obrada u programu R / Source: Authors’ elaboration using R

Slika 5 prikazuje koliko su se pojedine
zemlje nosile s predpandemijskim i post-
pandemijskim godinama u odnosu na CO-
VID-19. Rezultati su mjeSoviti te upucuju
na to da neke zemlje u Klasteru 3 jos uvijek
nisu dosegnule ili nadmasile razine iz 2018.
godine. Nadalje, kako bi se mogle uociti faze
oporavka uz pomoc¢ vizualizacije u programu
R prikazane na Slici 5, izradeni su graficki
prikazi za Klaster 3 za 2018. i 2023. godinu.

Figure 5 shows how well countries coped
with the pre-COVID-19 and post-COVID-19
pandemic years. The results are mixed and
indicate that some countries in Cluster 3
have not yet reached or surpassed the val-
ues recorded in 2018. Furthermore, in order
to facilitate the visualization of recovery
phases using R software in Figure 5, Cluster
3 plots for both 2018 and 2023 were created.
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Slika 5: Promjena prometa u razdoblju od 2018. do 2023. godine | Figure 5: Traffic
change in period between 2018 and 2023
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Izvor: autori, obrada u programu R / Source: Authors’ elaboration using R

Kako bi se opravdale prikazane pro-
mjene, provedena je statisticka analiza. Pri-
mijenjeni su zavisni t-testovi za usporedbu
srednjih vrijednosti zracnog prometa izmedu
2018. i 2020. te 2018. i 2023. godine s df =
28 za N = 29 uparenih parova drZzava. Za us-
poredbu 2020. i 2023. godine pretpostavke o
jednakosti varijanci nisu bile zadovoljene pa
je primijenjen Welchov t-test za nejednake
varijance, pri ¢emu je dobiven ne-cjelobrojni
stupanj slobode df = 16,541 (Tablica 8). Na-
lazi upucuju na statisticki znacajne razlike (p
< 0,01) izmedu 2018.12020. te izmedu 2020.
12023. godine, dok usporedba izmedu 2018.
i 2023. godine ne pokazuje znacajnost. Svi
testovi provedeni su u programskom okruze-
nju R, a kod je dostupan u prilogu rada.

To justify the changes shown, statistical
analysis was performed. Paired t-tests were
implemented to compare mean air traffic
values between 2018 vs 2020 and 2018 vs
2023, with df = 28 for N = 29 matched coun-
try pairs. When comparing 2020 and 2023,
the assumptions of equal variances were not
met, and therefore Welch’s unequal-variance
t-test was applied, resulting in a non-integer
df = 16.541 (see Table 8). The results indicate
statistically significant differences (p < 0.01)
between 2018 and 2020, and 2020 and 2023,
while the comparison between 2018 and
2023 does not indicate a statistically signifi-
cant difference. All tests were conducted in
R, and the code is available in the Appendix.
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Tablica 8: Statisticka analiza Klastera 3 primjenom zavisnog t-testa usporedbe 2018. i
2023.,2018.12020. te 2020. i 2023. godine

95 % -tni 9 5%-tni
. t- Stupnjevi p- Srednja interval interval
Razdoblje vrijednost | slobode |vrijednost| razlika pouzdanosti pouzdanosti
(donja granica) | (gornja granica)
2018.u
odnosuna | 0,3877 28 0,7012 642.838,3 -2.753.607 -2.753.607 do
4.039.283
2023.
2018.u
odnosuna | 40,061 28 0,000413 | -34E+07 -33.831.394 31.129.990 do
-16.532.798
2020.
2020.u
odnosuna | -42912 16,541 0,000523 | -6.982.106 -6.982.106 -10.423.677 do
2023 -3.542.533

Izvor: Obrada koristenjem R koda

Table 8: Cluster 3 statistical analysis using paired t-test across 2018 vs. 2023, 2018 vs.

2020, and 2020 vs. 2023

Degrees 95 % 95 %
. t- g p- Mean confidence confidence
Period of . . .
Value Value difference | interval (lower | interval (upper
freedom .. ..
limit) limit)
2018 vs. -2,753,607 to 2,753,607 to
2023 0.3877 28 0.7012 642,838.3 4039283 4039283
2018 vs. -51,129,990 to 51,129,990 to
2020 40.061 28 0.0004134 | -33,831,394 16.532.798 16.532.798
2020 vs. -10423,677to | -10,423,677 do
2023 -42.912 16.541 |0.0005231 | -6,982,106 3542533 3542533

Source: Authors’ elaboration using R

Statisticka analiza pruza ¢vrste dokaze o
heterogenom utjecaju pandemije COVID-19
na europski zra¢ni promet. U 2020. godini,
broj putnika u zemljama Klastera 3, koje se
pretezito sastoje od malih i srednje velikih
trzista, smanjio se u prosjeku za 72 %. Ova
snazna kontrakcija odrazava kombinirani
uc¢inak medunarodnih ogranienja putova-
nja, nacionalnih lockdowna 1 uruSavanja
potraznje za medunarodnom mobilnoséu
(Maneenop i Suntichai, 2023). Znacajnost
tog pada potvrdena je zavisnim t-testovima,

The statistical analysis provides robust
evidence of the heterogeneous impact of the
COVID-19 pandemic on European air traf-
fic. In 2020, passenger volumes in Cluster
3 countries, consisting mainly of small and
medium-sized markets, declined on average
by 72 %. This sharp contraction reflected
the combined effects of international travel
restrictions, national lockdowns, and col-
lapsing demand for international mobility
(Maneenop and Suntichai, 2023). The sig-
nificance of this decline is confirmed by
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pri emu su p-vrijednosti ispod praga od 1 %.
Medutim, do 2023. godine ista skupina ze-
malja biljeZi snaZan oporavak, s prosje¢nim
povecanjem od 9,5 milijuna putnika u odno-
su na 2020. godinu. Ovaj oporavak statisticki
je znacajan na razini od 1 % (t = —-42912;
p = 0,0005), a 95 %-tni interval pouzdano-
sti (-10.423.677 do —3.542.533) potvrduje
robusnost rezultata. Nasuprot tomu, razlika
izmedu 2018. i 2023. godine nije statisticki
znacajna, $to upucéuje na to da se europski
zrani promet u velikoj mjeri oporavio, ali
jo$ uvijek nije premasio predpandemijske ra-
zine. Ovi nalazi u velikoj su mjeri u skladu s
ranijim istrazivanjima koja pokazuju neujed-
nacen i nedovrSen oporavak globalnog zra-
koplovstva (Sun et al., 2021; To i Lee, 2024).

Iz perspektive turizma ovi obrasci opo-
ravka naglasavaju razliite izazove i pri-
like medu skupinama zemalja. Prethodna
istrazivanja pokazuju da zracna povezanost
izravno oblikuje turisticke tokove, konku-
rentnost destinacija i otpornost regionalnih
turisti¢kih sustava (ACI Europe, 2023; Tang
et al., 2022). Klaster 1, koji ukljucuje neka
od najvecih europskih trzista, i dalje je is-
pod obujma iz 2018. godine te se suocava s
produljenim razdobljem obnove potraznje.
To je u skladu s dokazima o usporenom opo-
ravku velikih trzi$nih ¢vorista zbog njihove
ovisnosti 0 medukontinentalnim tokovima
(Frontier Economics, 2023). Zemlje Klastera
2, sa srednje snaznim obrascima oporavka,
pribliZile su se predpandemijskim razinama.
Za te destinacije kljucni je prioritet javnih
politika ocuvanje odrZivosti linija te jacanje
konkurentnosti u sve nestabilnijem turis-
tickom okruZenju. Suprotno tome, zemlje
Klastera 3, iako najteze pogodene 2020., do
2023. godine ostvarile su najsnaZniji opora-
vak. Ova dinamika potvrduje ranije nalaze
da manja i perifernija trZiSta, premda osjet-
ljivija na vanjske Sokove, mogu pokazati brz
oporavak nakon ukidanja ograni¢enja (Ma-
neenop et al.,2023). Za te zemlje izazov vise
nije poticanje potraznje, nego osiguravanje
odrZivog rasta i upravljanje sezonskom vo-

paired t-tests, with p-values below the 1 %
threshold. By 2023, however, the same group
of countries exhibited a strong rebound, with
an average increase of 9.5 million passengers
compared to 2020. This recovery is statisti-
cally significant at the 1 % level (t =-42.912,
p = 0.0005), and the 95 % confidence inter-
val (-10,423,677 to -3,542,533) confirms
the robustness of the results. In contrast, the
difference between 2018 and 2023 was not
statistically significant, which suggests that,
while European air traffic has largely recov-
ered, it has not yet exceeded pre-pandemic
volumes. These findings are broadly con-
sistent with previous studies documenting
uneven and incomplete recovery in global
aviation (Sun et al.,2021; To and Lee, 2024).

From the tourism perspective, these re-
covery patterns highlight differentiated
challenges and opportunities across country
groups. Prior research shows that air con-
nectivity directly shapes tourist flows, des-
tination competitiveness, and the resilience
of regional tourism systems (ACI Europe,
2023; Tang et al., 2022). Cluster 1, which in-
cludes some of the largest European markets,
remains below 2018 volumes and faces pro-
longed demand rebuilding. This aligns with
evidence of delayed recovery in large hub
markets due to their dependence on long-haul
flows (Frontier Economics, 2023). Cluster 2
countries, with moderate recovery patterns,
are close to restoring pre-pandemic levels.
For these destinations, the key policy prior-
ity is ensuring route viability and sustaining
competitiveness in an increasingly volatile
tourism environment. By contrast, Cluster
3 countries, although the most severely af-
fected in 2020, experienced the strongest re-
bound by 2023. This dynamic confirms ear-
lier observations that smaller and peripheral
markets, while more vulnerable to external
shocks, can display rapid rebounds once re-
strictions are lifted (Maneenop et al., 2023).
For these countries, the challenge is no lon-
ger demand stimulation but ensuring sustain-
able growth and addressing seasonal volatil-
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latilno$¢u. Nadalje, hipoteza H1 je potvrde-
na, bududi da je analiza potvrdila prisutnost
triju statisticki znacajnih klastera. Hipoteza
H2 takoder je potvrdena, s obzirom na zna-
¢ajne razlike u intenzitetu oporavka izmedu
2020.12023. godine. Hipoteza H3, medutim,
samo je djelomi¢no potvrdena: iako su po-
jedine zemlje, poput Luksemburga, Malte i
Rumunjske, premasile obujme iz 2018. godi-
ne, veéina zemalja u Klasterima 1 i 2 u 2023.
godini ostaje ispod predpandemijskih razina.
Ukupni rezultati potvrduju heterogenu priro-
du europskog oporavka zraénog prometa te
naglaSavaju vaZnost ciljanih politika.
Konac¢no, osim sadrZajnog doprinosa
podrucju zrakoplovstva i turizma, rad dopri-
nosi i razvoju informacijskih znanosti. Pri-
mjenom metode k-srednje vrijednosti, vali-
dacijom rezultata pomocu visSe pokazatelja te
koriStenjem ponovljivih analiti¢kih postupa-
ka u programima R i JASP, analiza pokazuje
kako se otvoreni podaci i statisticke metode
mogu operacionalizirati u interdisciplinar-
nom kontekstu. Metodoloski doprinos poka-
zuje kako informacijske tehnologije i pristu-
pi utemeljeni na podacima mogu poduprijeti
donoSenje odluka utemeljenih na dokazima
u turizmu, prometu i kriznom menadZmentu,
osnazujuci vezu izmedu primijenjenih drus-
tvenih znanosti i informacijskih znanosti.

5. ZAKLJUCAK

Autori su u ovom radu ispitali utjecaj
pandemije COVID-19 na europski putnicki
zracni promet primjenom metode k-srednje
vrijednosti na podatke Eurostata za godine
2018., 2020. i 2023. godine. Mjere uspjesno-
sti modela potvrdile su primjerenost dobive-
nog rjeSenja klasteriranja, a na istrazivacko
pitanje — Kako su se europske zemlje grupi-
rale prema obrascima post-COVID oporavka
u putni¢kom zracnom prometu? — odgovore-
no je identifikacijom triju jasno razlu€ivih
klastera. Klaster 3 pokazao je najviSu unu-
tarnju homogenost (91,1 %), $to je opravdalo
njegovu detaljniju analizu. Unato¢ snaZnom

ity. Furthermore, hypothesis H1 is support-
ed, as the analysis confirmed the presence
of three statistically meaningful clusters.
Hypothesis H2 is also supported, given the
significant variation in recovery magnitudes
between 2020 and 2023. Hypothesis H3,
however, is only partially supported, while a
few countries, such as Luxembourg, Malta,
and Romania, surpassed their 2018 volumes,
most countries in Clusters 1 and 2 remained
below pre-pandemic levels in 2023. Overall
outcomes confirm the heterogeneous nature
of European air-traffic recovery and empha-
size the importance of targeted policy ap-
proaches.

Finally, beyond its substantive contribu-
tion to aviation and tourism, the paper also
advances the field of information science.
By applying k-means clustering, validating
results with multiple indices, and employing
reproducible workflows in R and JASP, the
analysis demonstrates how open data and sta-
tistical methods can be operationalized in an
interdisciplinary context. This methodologi-
cal contribution illustrates how information
technologies and data-driven approaches can
support evidence-based decision-making in
tourism, transport, and crisis management,
strengthening the bridge between applied so-
cial sciences and information science.

5. CONCLUSION

The authors of this paper examined the
impact of the COVID-19 pandemic on Eu-
ropean air passenger traffic by applying
k-means clustering to Eurostat data for the
years 2018, 2020, and 2023. The model per-
formance metrics confirmed the adequacy
of the clustering solution, and the research
question: How did European countries clus-
ter according to their post-COVID recovery
patterns in air passenger traffic? — was ad-
dressed through the identification of three
distinct clusters. Cluster 3 displayed the
highest internal homogeneity (91.1 %), which
justified its further detailed analysis. Despite
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padu 2020. godine, izrazen oporavak do
2023. godine upuduje na to da su mjere poput
kampanja cijepljenja, ublaZavanja ogranice-
nja putovanja i obnove potraznje bile u¢inko-
vite u vraanju zracne povezanosti. Statistic-
ki testovi potvrdili su znacajne razlike izme-
du 2020. i 2023. godine, dok izmedu 2018. i
2023. godine nije utvrdena znacajna razlika,
$to upucuje na zaklju€ak da se europski zrac-
ni promet uvelike vratio na predpandemijske
razine, ali ih jo§ nije trajno nadmasio.

Rezultati potvrduju hipoteze H1 i H2, po-
tvrdujuéi postojanje statisticki znacajnih kla-
stera i razlika u putanjama oporavka, dok je
hipoteza H3 djelomic¢no potvrdena jer veéina
zemalja u Klasterima 1 i 2 joS§ nije premasila
obujme iz 2018. godine. Rezultati doprinose
teorijskoj raspravi o otpornosti i oporavku u
zrakoplovstvu nudedi izvornu, podatkovno
utemeljenu klasifikaciju post-COVID obra-
zaca medu europskim zemljama.

1z perspektive turizma, rezultati naglasa-
vaju vaznost zracne povezanosti za konku-
rentnost destinacija te neujednacenu brzinu
oporavka potraznje u Europi. Zemlje u spo-
rije oporavljajué¢im klasterima trebat e cilja-
ne marketinSke aktivnosti i potporne javne
politike za obnovu medunarodnih turisti¢kih
tokova, dok se zemlje u brZe oporavljajuéim
klasterima suoc€avaju s izazovom upravljanja
odrzivim rastom i sezonskom volatilnoscéu.
Ove spoznaje nude prakticne smjernice do-
nositeljima politika, zrakoplovnim prijevo-
znicima i menadZerima u turizmu u obli-
kovanju diferenciranih strategija oporavka i
jacanju pripravnosti za buduce krize.

Osim doprinosa turizmu i zrakoplovstvu,
rad pridonosi i informacijskim znanostima
demonstrirajuci primjenu tehnika klasterira-
nja, otvorenih podataka i ponovljivih istrazi-
vackih tokova u R-u i JASP-u na domenski
specifican problem. Ovo interdisciplinarno
glediste pokazuje kako podatkovno-analitic-
ki pristupi mogu povezati prometne studije,
istraZivanja u turizmu i informacijske znano-
sti, podupirudi donosenje odluka utemeljenih
na dokazima u viSe sektora.

the severe contraction in 2020, the strong
rebound observed by 2023 indicates that
measures such as vaccination campaigns, the
easing of travel restrictions, and renewed de-
mand were effective in restoring air connec-
tivity. Statistical tests confirmed significant
differences between 2020 and 2023, while no
significant differences were found between
2018 and 2023, suggesting that European air
traffic has largely regained its pre-pandemic
levels without yet surpassing them.

The findings support H1 and H2, con-
firming the existence of statistically mean-
ingful clusters and significant differences in
recovery trajectories, while H3 is only par-
tially supported, as most countries in Clus-
ters 1 and 2 have not exceeded their 2018
volumes. These results contribute to the the-
oretical debate on resilience and recovery in
aviation by providing an original, data-driv-
en classification of European countries’ post-
COVID patterns.

From a tourism perspective, the results un-
derline the importance of air connectivity for
destination competitiveness and the uneven
speed of demand recovery across Europe.
Countries in slower-recovering clusters will
need targeted marketing efforts and policy
support to rebuild international tourist flows,
while those in faster-recovering clusters face
the challenge of managing sustainable growth
and seasonal volatility. These insights offer
practical guidance for policymakers, airlines,
and tourism managers in shaping differentiat-
ed recovery strategies and strengthening pre-
paredness for future crises.

Beyond tourism and aviation, the paper
also contributes to information science by
demonstrating the application of cluster-
ing techniques, open data, and reproducible
workflows in R and JASP to a domain-spe-
cific problem. This interdisciplinary per-
spective illustrates how data-analytic ap-
proaches can bridge transport studies,
tourism research, and information science,
supporting evidence-based decision-making
across sectors.
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Rad, naravno, ima ograni¢enja. Usmjeren
je na europske zemlje za koje su bili dostupni
konzistentni podaci, bez eksplicitnog uvaza-
vanja gospodarske i regulatorne heterogeno-
sti koja takoder moZe oblikovati oporavak.
Strategije zra¢nih prijevoznika, cijene goriva
i drugi vanjski Sokovi bili su iskljuceni. Bu-
duca istrazivanja trebala bi proSiriti analizu
na druge svjetske regije, integrirati dodatne
eksplanatorne varijable te ugraditi bihevio-
ralne dimenzije poput promjena u poslovnim
putovanjima i turisti¢koj potraznji. Takvi bi
napori produbili razumijevanje postpande-
mijske otpornosti zra¢nog prometa i pruZzili
dodatne smjernice za prometne i turisti¢ke
politike.
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Appendix A: R code

The excerpts below illustrate the main
workflow: data were reshaped into long for-
mat, percentage changes were computed,
clusters were visualized, and paired t-tests
were applied for matched country compari-
sons (df = N—1). Full R scripts are available
upon request or as supplementary material.
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# --- Data reshaping: from wide (countries x years) to long format ---
wide_data <- wide_data %>%

tibble::rownames_to_column(var = “country’)
long_data <- wide_data %>%

pivot_longer(cols = ¢("2018", “2020", “2023"),

names_to = “year”, values_to = “traffic”’) %>%

mutate(year = as.integer(year))
# --- Percentage change calculations (example for 2018—-2020 and 2020-2023) ---
changes <- long_data %>%

pivot_wider(names_from = year, values_from = traffic) %>%

mutate(

pet_18_20 = ("2020" - "2018%) /2018 * 100,
pct_20_23 = ("2023" -°2020%) /*2020" * 100

)
# --- Visualization: bar plot for traffic changes in Cluster 3 countries ---
ggplot(cluster3_long_changes, aes(x = country, y = pct_change, fill = period)) +

geom_col(position = “dodge”) +

labs(title = “Traffic change for Cluster 3 countries”,

x = “Country”, y = “Change (%)) +

theme_minimal()
# --- Example of paired t-test (2018 vs. 2023, matched by country) ---
t_test_result <- t.test(wide_data$2018", wide_data$ 2023", paired = TRUE)
print(t_test_result)
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