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ĮVADAS 

Nuo XIX a. vidurio iki šių dienų dėl žmogaus sukeltos klimato kaitos 

globali sausumos bei vandenynų paviršiaus temperatūra augo 0,06 °C per 

dešimtmetį, o nuo 1975 m. šis pokytis siekė 0,2 °C per dešimtmetį (Lindsey 

& Dahlman, 2025). Sparčiausiai oro temperatūra Europoje kilo pavasarį, 

vidutiniškai 0,061 °C per metus (Twardosz ir kt. 2021). Kylanti oro 

temperatūra lemia vis dažnesnį įvairių ekstremalių orų bei klimato reiškinių 

(sausrų, ekstremalaus kritulių kiekio, karščio bangų, potvynių, stiprių 

pavasario šalnų ir kt.) susidarymą skirtinguose regionuose (AghaKouchak ir 

kt., 2020; Di Capua & Rahmstorf, 2023; Seneviratne ir kt., 2021). Tokie 

įvykiai daro žalą žmonėms, jų gyvenamajai aplinkai, infrastruktūrai, gamtai ir 

ekonomikai (Clarke ir kt., 2022; Seneviratne ir kt., 2021). Nuo 2000 iki 2020 

m. ekstremalių orų ir klimato reiškinių metu globaliu mastu nukentėjo 773 

milijonai žmonių, o padaryta žala įvertinta 1,3 trilijono JAV dolerių (Clarke ir 

kt., 2022). Vien tik Europos Sąjungoje 1980–2023 m. tokie reiškiniai sukėlė 

daugiau nei 200 000 mirčių (European Environment..., 2025).  

Iki praėjusio dešimtmečio įvairius orų bei klimato ekstremumus buvo 

priimta tirti atskirai. Tačiau nustatyta, kad didesnė žala padaroma, kai keli, 

nebūtinai ekstremalūs reiškiniai, vyksta tuo pat metu arba sąveikauja 

tarpusavyje (Seneviratne ir kt., 2012; Zscheischler ir kt., 2020). Toks bendras 

kelių procesų derinys, lemiantis stiprų socioekonominį poveikį, yra vadinamas 

kompleksiniu klimato įvykiu (angl. Compound Climate Event – CCE) 

(Seneviratne ir kt., 2012; Zscheischler ir kt., 2018). Šiuo metu tiriami įvairūs 

CCE (Zscheischler ir kt., 2020), įprastai jie skirstomi į keturis tipus (1 pav.): 

1. Sudėtiniai įvykiai (angl. multivariate) – keleto kartu vykstančių procesų 

rezultatas. Pavyzdys – kompleksiniai sausros ir karščio bangos įvykiai, kai 

abu reiškiniai susiformuoja toje pačioje teritorijoje tuo pat metu. Būtent 

sudėtiniai įvykiai analizuojami dažniausiai, jų tyrimai sudaro maždaug 

75 % visų tiriamų CCE (Brett ir kt., 2025). 

2. Išankstinių sąlygų nulemti įvykiai (angl. preconditioned events). 

Pavyzdys – vėlyvos pavasario šalnos, fiksuojamos jau prasidėjus 

vegetacijos sezonui. 

3. Kompleksiniai įvykiai laiko požiūriu (angl. temporally compounding). 

Neigiamą poveikį sukelia keli vienas paskui kitą vykstantys reiškiniai 

(pavojai), fiksuojami toje pačioje teritorijoje. Pavyzdys – kelis kartus per 

trumpą laiką toje pačioje teritorijoje praūžusios audros poveikis stipresnis. 

4. Kompleksiniai įvykiai erdviniu požiūriu (angl. spatially compounding). 

Išskiriami, kai keli veiksniai, veikdami skirtingose, tačiau tame pačiame 

regione esančiose teritorijose, padidina bendrą pavojų ir riziką. 

11



 

Pavyzdžiui, mažas drėgmės kiekis ir didelis vėjo greitis sukuria palankias 

miškų gaisrų susidarymo sąlygas skirtingose vietovėse, o bendras 

poveikis juntamas didesnėje teritorijoje. 

 

 
1 pav. Skirtingų tipų kompleksinių klimato įvykių susidarymo schema 

(parengta pagal Zscheischler ir kt., 2020). 

 

Vis dėlto tas pats įvykis gali būti priskiriamas prie kelių tipų, ribos tarp jų 

nėra labai griežtai apibrėžtos. To priežastis – CCE neretai sukelia keletas kartu 

veikiančių, o kartais iš pirmo žvilgsnio net ir nesusijusių procesų (Zscheischler 

ir kt., 2020). 

Rengiant šią disertaciją tirti trys CCE: kompleksiniai sausros ir karščio 

bangos įvykiai (angl. Compound Drought and Heatwave Events – CDHE), 

vėlyvos pavasario šalnos (angl. False Spring – FS) ir kompleksiniai kritulių 

kiekio bei vėjo greičio ekstremumai (angl. Compound Precipitation and Wind 

Extremes – CPWE). Darbe analizuojami tie CCE, kurie susiformuoja dėl 

meteorologinių reiškinių sąveikos bei kuriuos sudaro vieni dažniausių 

ekstremalių reiškinių tiriamame regione (sausros, karščio bangos, stiprūs vėjo 

gūsiai, gausus kritulių kiekis, vėlyvos pavasario šalnos). Visi trys darbe 

analizuojami CCE yra aktualūs kylančios oro temperatūros bei kintančio 

klimato kontekste ir sukelia stiprų neigiamą poveikį skirtinguose Europos 

regionuose bei Baltijos šalyse (European Environment…, 2025; Guglielmo ir 

kt., 2026).  

12



 

CDHE identifikuojami, kai ir sausra, ir karščio banga susidaro toje pačioje 

teritorijoje tuo pat metu. Įprastai palankios CDHE susidarymo sąlygos 

formuojasi užsitęsus sausrai. Dėl sumažėjusios dirvožemio drėgmės sumažėja 

ir šiluminės energijos drėgmei garinti sąnaudos (Benson & Dirmeyer, 2021), 

o tai lemia spartesnį skirtingų paviršių įšilimą. Regioną pasiekus šiltai oro 

masei šis procesas padidina karščio bangos intensyvumą. Karščio banga savo 

ruožtu sustiprina sausrą – išaugus oro temperatūrai padidėja garavimo 

intensyvumas, todėl dirvožemis dar labiau išdžiūsta (Wang ir kt., 2024). 

CDHE laikomi vienu daugiausiai žalos padarančių meteorologinių / 

klimatologinių reiškinių (Yin & Slater, 2023). Jie siejami su išaugusiu 

mirtingumu (Ducros ir kt., 2025) bei neigiamai veikia žmonių emocinę 

sveikatą (Sewell ir kt., 2024). 1981–2020 m. laikotarpiu CDHE bent kartą 

paveikė net 92 % planetos teritorijų, kuriose auginami javai (He ir kt., 2022), 

tokie įvykiai lemia ir išaugusią miškų gaisrų riziką (Gazol & Camarero, 2022; 

Markonis ir kt., 2021). Be to, dėl neigiamo CDHE poveikio augalijai, padidėja 

į atmosferą patenkančio CO2 kiekis (Ciais ir kt., 2005). Pastaraisiais 

dešimtmečiais dažniau pasikartojantys CDHE fiksuoti įvairiuose regionuose, 

taip pat ir Europoje (Bezak & Mikoš, 2020; Geirinhas ir kt., 2021; Sedlmeier 

ir kt., 2018; Shi ir kt., 2021).  

FS sąvoka gali būti interpretuojama įvairiai (Chamberlain ir kt., 2019), 

tačiau šiame darbe vėlyva pavasario šalna laikomi atvejai, kai dėl anomaliai 

aukštos vėlyvos žiemos–ankstyvo pavasario oro temperatūros vegetacijos 

sezonas prasideda anksti, tačiau po to įsiveržia šaltas oras ir minimali paros 

oro temperatūra nukrinta žemiau 0 °C (Zscheischler ir kt., 2020). Dėl sparčiai 

kylančios žiemos bei pavasario mėnesių oro temperatūros Šiaurės pusrutulyje 

ypač ankstyva vegetacijos sezono pradžia fiksuojama vis dažniau (Allstadt ir 

kt., 2015; Zhu ir kt., 2019). Tai lemia ilgesnį vegetacijos sezoną ir gali atnešti 

naudos žemės ūkio sektoriui (Peterson & Abatzoglou, 2014). Tačiau dar 

devintajame praėjusio amžiaus dešimtmetyje nustatyta, kad ankstyvesnė 

vegetacijos sezono pradžia susijusi su palankesnėmis FS formavimosi 

sąlygomis (Cannell & Smith 1986), o FS rizikos didėjimas pastaraisiais 

dešimtmečiais fiksuotas ir skirtinguose regioniniuose tyrimuose (Allstadt ir 

kt., 2015; Bosdijk ir kt., 2024; Zahradníček ir kt., 2024). FS ypač neigiamai 

veikia žemės ūkio sektorių (Lamichhane, 2021), dėl jų poveikio gali būti 

prarandama didelė dalis ar net visas vaismedžių derlius – skaičiuojama, kad 

FS pasauliniu mastu sukelia nuostolių, galinčių siekti keletą milijardų eurų 

(Faust & Herbold, 2018; Ma ir kt., 2019). FS ne tik mažina įvairių ekosistemų 

produktyvumą (Hufkens ir kt., 2012; Zscheischler ir kt., 2020), bet turi ir 

antrinį neigiamą poveikį: kelia grėsmę įvairių gyvūnų buveinėms, žmonių 
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aprūpinimui maistu, sutrikdo CO2 pasisavinimą bei paukščių migracijos kelius 

(Bateman, 2024; Chamberlain ir kt., 2019; Lamichhane, 2021).  

CPWE identifikuojami, kai toje pačioje vietovėje tuo pat metu 

fiksuojamas ir vėjo greičio, ir kritulių kiekio ekstremumas. Tokių reiškinių 

formavimasis vidutinėse platumose Europoje dažniausiai siejamas su giliais 

Atlanto ciklonais bei orografiniu oro kilimu (Martius ir kt., 2016). Kaip ir 

CDHE, CPWE laikomi vienais daugiausia žalos padarančių ekstremalių 

klimato reiškinių, galinčių sukelti žmonių mirčių, daryti neigiamą poveikį 

ekosistemoms ir sutrikdyti kritinės infrastruktūros veikimą (Li ir kt., 2022). 

Dėl išaugusio kritulių kiekio ir stiprių vėjo gūsių taip pat padidėja nuošliaužų 

bei virstančių medžių pavojus (Martius ir kt., 2016; Xoplaki ir kt., 2023). 

Pastaraisiais dešimtmečiais reikšmingų CPWE pasikartojimo pokyčių 

Europoje nenustatyta (Johansson, 2021), tačiau prognozuojama, kad kintant 

klimatui jie taps dažnesni ir rytinėje, ir šiaurinėje žemyno dalyje (Ridder ir kt., 

2022).  

Nustačius dažniau pasikartojančių CCE tendenciją bei stiprų neigiamą 

socioekonominį poveikį, vis daugiau dėmesio skiriama prisitaikymo prie CCE 

bei jų padaromo neigiamo poveikio švelninimo strategijoms kurti (Chen ir kt., 

2025; Muccione ir kt., 2024; Simpson ir kt., 2023). Tačiau nepaisant to, kad 

Baltijos jūros regione vidutinės oro temperatūros kilimas pastaraisiais 

dešimtmečiais buvo spartesnis nei pasauliniu mastu (Helsinki Commission, 

2024), įvairūs ekstremalūs orų ir klimato reiškiniai regione iki šiol tirti 

atskirai. Taigi disertacijos rengimo metu atliktų tyrimų poreikį ir aktualumą 

pagrindžia nepakankamai išsamus CCE charakteristikų vertinimas rytinėje 

Baltijos jūros regiono dalyje. 

 

Objektas, tikslas ir uždaviniai 

Tyrimo teritorija – rytinė Baltijos jūros regiono dalis. Tyrimo objektas – 

regione būdingi kompleksiniai klimato įvykiai.  

 

Darbo tikslas – įvertinti kompleksinių klimato įvykių susidarymo ir 

pasikartojimo ypatumus rytinėje Baltijos jūros regiono dalyje bei nustatyti 

galimus šių įvykių charakteristikų pokyčius iki XXI a. pabaigos.  

 

Darbo uždaviniai:  

1. Įvertinti kompleksinių klimato įvykių pasikartojimo bei intensyvumo 

pokyčius rytinėje Baltijos jūros regiono dalyje 1950–2022 m. 

2. Išanalizuoti kompleksinių sausros ir karščio bangos įvykių, vėlyvų 

pavasario šalnų bei kompleksinių kritulių kiekio ir vėjo greičio 

ekstremumų susidarymą lemiančius veiksnius. 
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3. Prognozuoti kompleksinių klimato įvykių pasikartojimo, trukmės ir 

intensyvumo pokyčius iki XXI a. pabaigos. 

4. Išanalizuoti kompleksinių klimato įvykių pasikartojimo erdvinius 

skirtumus tyrimo teritorijoje. 

Naujumas ir aktualumas 

CCE įvairiuose regionuose vis dažniau tiriami nustačius, kad jų neigiamas 

poveikis neretai viršija atskirų ekstremumų padaromą žalą (Brett ir kt., 2025; 

Zscheischler ir kt., 2020). Daugumos CCE pasikartojimo bei intensyvumo 

pokyčiai tiesiogiai ar netiesiogiai susiję su klimato kaita. Pavyzdžiui, 

pasaulinei temperatūrai pakilus 1 °C, prognozuojama, CDHE trukmė nuo 

2020 iki 2100 m. pailgėtų dešimčia dienų (Zhang ir kt., 2022), o vis anksčiau 

prasidedant vegetacijos sezonui dienų su šalnomis skaičius išaugo 43 % 

Šiaurės pusrutulio teritorijos (Liu ir kt., 2018). 

Įvairių CCE dažnėjimas numatomas ir ateityje. Prognozuojama, kad 

CDHE skaičius ir intensyvumas išaugs JAV (Rastogi ir kt., 2024) bei Kinijoje 

(Feng ir kt., 2023; Liu ir kt., 2024; Zhang ir kt., 2024). Tokia tendencija 

numatoma ir Australijoje (Chapman ir kt., 2025). Europoje XXI a. pabaigoje, 

palyginti su 1981–2010 m. laikotarpiu, CDHE paveikta teritorija, manoma, 

padidės 60 % (Dosio ir kt., 2023). CPWE skaičius turėtų išaugti pakrančių 

regionuose JAV rytuose, Rytų ir Pietų Azijoje (Yaddanapudi ir kt., 2022) bei 

Europoje, ypač šiaurinėje ir rytinėje žemyno dalyse (Ridder ir kt., 2022). 

Pasauliniu mastu prognozuojama tendencija, kad ateityje CPWE abejuose 

pusrutuliuose taps dažnesni regionuose, esančiuose aukščiau 50° platumos (Li 

ir kt., 2024). Šiltėjant klimatui kai kuriose vietovėse numatomas ir dažnesnis 

FS pasikartojimas (Allstadt ir kt., 2015; Hufkens ir kt., 2012; Lhotka & 

Brönnimann, 2020).  

Tačiau kol kas dauguma CCE tyrimų yra sukoncentruoti Europoje, Azijoje 

ir Šiaurės Amerikoje (Brett ir kt., 2025). Tad išsami CCE analizė bei ateities 

projekcijų sudarymas skirtinguose regionuose sparčiai kintančio klimato 

kontekste tampa ypač svarbūs. Tokie tyrimai gali padėti geriau suprasti 

skirtingų CCE susidarymą bei sušvelninti jų padaromą žalą ateityje (Brett ir 

kt., 2025). 

CCE rytinėje Baltijos jūros regiono dalyje iki šiol tirti menkai – daugiau 

tyrimų atlikta tik Lenkijoje. Čia buvo vertinti CDHE pasikartojimo ir 

intensyvumo pokyčiai 1966–2023 m. bei šių reiškinių susidarymą lemiantys 

veiksniai (Wibig & Jędruszkiewicz, 2024). Taip pat tirti FS įvykiai – 

analizuotas jų pasikartojimas ir intensyvumas bei atmosferos sąlygos, 

lemiančios šio CCE susiformavimą (Graczyk & Szwed, 2020; Koźmiński ir 

kt., 2023; Nidzgorska-Lencewicz ir kt., 2024; Piotrowski & Bartoszek, 2025). 
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Kitais atvejais šioje disertacijoje nagrinėjamų CCE dedamosios įvertintos tik 

atskirai. Įvairių CCE prognozės iki XXI a. pabaigos rytinėje Baltijos jūros 

regiono dalyje iki šiol taip pat nebuvo sudarytos. Nors ateities projekcijos 

buvo įvertintos atliekant pasaulinio ar Europos masto tyrimus (Dosio ir kt., 

2023; Ford ir kt., 2025; Lhotka & Brönnimann 2020; Li ir kt., 2024; Ma ir kt., 

2019; Zhu ir kt., 2024), jų rezultatai neatskleidžia specifinių CCE 

charakteristikų pokyčių šiame regione.  

Šiame darbe pirmą kartą išsamiai įvertinti CDHE, FS ir CPWE 

pasikartojimo, trukmės bei erdvinio pasiskirstymo pokyčiai rytinėje Baltijos 

jūros regiono dalyje nuo praėjusio amžiaus vidurio (I–III publikacijos). Taip 

pat sudaryta tiriamų CCE identifikavimo metodika bei išanalizuoti procesai, 

lemiantys CCE susiformavimą tyrimo teritorijoje. Rengiant disertaciją pirmą 

kartą tyrimo teritorijoje įvertinti galimi FS (IV publikacija) bei CDHE ir 

CPWE charakteristikų pokyčiai iki XXI a. pabaigos. Darbe taip pat pasiūlyta 

FS intensyvumo vertinimo metodika (II publikacija), kuri gali būti 

pritaikoma ir kituose regionuose. Informacija apie CCE susidarymą bei 

pasikartojimą regione ateityje gali būti panaudota įvairios trukmės CCE 

prognozėms sudaryti ir gali prisidėti kuriant perspėjimo apie šiuos pavojingus 

reiškinius sistemas. Tyrimo metu gauti rezultatai leidžia pagerinti CCE 

sukeliamų rizikų supratimą pasauliniu mastu (Brett ir kt., 2025) bei padėti 

rengiant neigiamo poveikio mažinimo strategijas. 
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1. DUOMENYS IR METODIKA 

1.1. Tyrimo teritorija 

Kompleksiniai klimato įvykiai darbe tirti rytinėje Baltijos jūros regiono 

dalyje. Tyrimo teritoriją sudarė 0,25° × 0,25° dydžio gardelės, kurių centro 

taškai apima teritoriją nuo 53,5° iki 59,5° š. pl. ir nuo 20° iki 28,5° r. ilg (2 

pav.). Kadangi darbe tiriamų CCE poveikis labiausiai pasireiškia sausumoje, 

CCE gardelėse, kurių daugiau nei 50 % ploto sudarė Baltijos jūra, nevertinti. 

Dėl minėtos priežasties pašalintos ir kelios gardelės ties Peipaus ežeru šiaurės 

rytinėje tyrimo teritorijos dalyje. Sausumos gardelės išskirtos naudojant 

specialų filtrą (Royal Netherlands..., n.d.). Tokiu būdu iš viso tyrimo teritoriją 

sudarė 668 gardelės (I publikacija). Vis dėlto, analizuojant FS ir CPWE, 

nustatyta, kad vienos pakrantės gardelės šiaurės vakarinėje Estijos dalyje 

reikšmės labai skyrėsi nuo aplinkinių gardelių duomenų, todėl, siekiant 

išvengti galimo rezultatų iškraipymo, ši gardelė iš analizės buvo pašalinta (II–

IV publikacijos). 

 

 
2 pav. Tyrimo teritorija ir jos reljefas. Pilki stačiakampiai žymi gardeles, 

kurių duomenys naudoti tyrime. 

 

Tyrimo teritorijoje vyrauja žemumos ir lygumos, o aukščiausias taškas, 

virš jūros lygio iškilęs 355 m, yra pietrytinėje tiriamo arealo dalyje (2 pav.). 

Pagal atnaujintą Köppen’o–Geiger’io klimato klasifikaciją tyrimo teritorija 

priklauso Dfb klimato tipui: nėra išskiriamas sausasis sezonas, bent keturis 
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mėnesius vidutinė oro temperatūra yra aukštesnė nei 10 °C, tačiau nesiekia 22 

°C, o šalčiausio mėnesio vidutinė temperatūra yra lygi 0 °C arba žemesnė 

(Beck ir kt., 2018).  

Apskaičiuota, kad vidutinė metinė oro temperatūra 1991–2020 m. 

laikotarpiu regione siekė 7,0 °C ir nuo 1950 m. augo 0,23 °C per dešimtmetį. 

Šilčiausias mėnuo yra liepa (18,2 °C), o vėsiausias mėnuo – sausis (–3,4 °C). 

Vidutinės metinės oro temperatūros pasiskirstymą regione lemia platuma bei 

atstumas nuo jūros – didžiausios šio kintamojo reikšmės (8,0–8,6 °C) 

būdingos pietvakarinei tyrimo teritorijos daliai, o mažiausios (5,5–6,0 °C) – 

šiaurės rytinei.  

Rytinė Baltijos jūros regiono dalis yra drėgmės pertekliaus zonoje – 

kritulių kiekis viršija garavimą (Kilkus & Stonevičius, 2011). Metinis kritulių 

kiekis 1991–2020 m. siekė 610–890 mm, o didžiausios reikšmės būdingos 

vakarinėje tyrimo teritorijos dalyje bei centrinėje Latvijoje. Didžiausias 

kritulių kiekis beveik visoje tyrimo teritorijoje fiksuojamas liepą ir rugpjūtį 

(vidutiniškai 82–86 mm per mėnesį). Vidutinis metinis vėjo greitis kinta nuo 

3 m/s rytinėje tyrimo teritorijos dalyje iki 5,5–6 m/s šiaurės vakarinėje, o 

didžiausias vėjo greitis būdingas žiemai (gruodį–sausį). 

1.2. Darbe panaudoti duomenys 

CCE vertinti 1950–2022 m. laikotarpiu. Darbe tiriamiems CCE išskirti 

panaudoti Europos vidutinės trukmės orų prognozių centro (angl. European 

Centre for Medium-Range Weather Forecasts – ECMWF) ERA5 reanalizės 

paros vidutinės (tavg), minimalios (tmin) ir maksimalios (tmax) oro temperatūros, 

paros kritulių kiekio (P) bei valandiniai maksimalaus vėjo greičio (wmax) 

duomenys. Duomenų gardelės dydis – 0,25° × 0,25° (I–III publikacija).  

ERA5 reanalizė pasirinkta naudoti dėl ilgos duomenų sekos ir gana didelės 

erdvinės ir laiko skiriamosios gebos (Hersbach ir kt., 2020). Kuriant šios 

reanalizės duomenis naudojami palydovinių ir antžeminių stebėjimų bei orų 

radarų duomenys, todėl Europoje ERA5 duomenys kokybiškai atkartoja in 

situ matavimų rezultatus (Bell ir kt., 2021; Hersbach ir kt., 2020; Velikou ir 

kt., 2022). ERA5 reanalizės duomenų tikslumas sumažėja kalnuotose 

vietovėse (pvz., Skandinavijos kalnuose) ir tropikuose (Laurila, 2022; Lavers 

ir kt., 2022). Vis dėlto, tyrimo teritorija nepasižymi didele aukščio virš jūros 

lygio amplitude (aukščiausias taškas virš jūros lygio 355 m; 2 pav.), todėl ši 

problema nėra svarbi šio tyrimo kontekste.  

Tyrimo metu skirtingų kintamųjų ERA5 duomenys buvo palyginti su 

Lietuvos hidrometeorologijos tarnybos duomenimis iš trijų meteorologijos 

stočių (Biržų, Ukmergės ir Varėnos). Šios stotys pasirinktos, nes jų 

18



 

koordinatės geriausiai atitiko ERA5 gardelių centrų koordinates. Vertinant 

temperatūros rodiklius (vidutinę metinę oro temperatūrą, minimalią vasario–

birželio temperatūrą, vasaros mėnesių minimalią paros oro temperatūrą) 

1951–2022 m. laikotarpiu nustatytas glaudus ryšys – Pirsono koreliacijos 

koeficiento (r) reikšmės tyrimo teritorijoje vidutiniškai siekė 0,94–0,99 (p < 

0,001). Vidutinė absoliutinė paklaida (angl. Mean Absolute Error – MAE) tavg 

atveju siekė 0,67–0,82 °C. MAE tmin ir tmax vertės kiek didesnės – atitinkamai 

1,46–2,43 °C ir 1,17–1,91 °C. ERA5 reanalizės vėjo gūsių reikšmės taip pat 

gerai atitiko in situ matavimus (r = 0,77–0,83; MAE = 1,64–2,32 m/s; p < 

0,001). Ne toks glaudus ryšys nustatytas tik vertinant paros kritulių kiekį (r = 

0,65–0,66; p < 0,001), o MAE reikšmės siekė 1,45–1,51 mm. Vis dėlto kritulių 

kiekis pasižymi dideliu lokalumu, o jo pasiskirstymui didelę įtaką turi įvairūs 

vietiniai veiksniai. Tai galėjo lemti didesnį ERA5 reanalizės ir meteorologijos 

stočių šio kintamojo duomenų neatitikimą.  

Siekiant įvertinti darbe tiriamų CCE charakteristikų pokyčius iki XXI a. 

pabaigos panaudoti šeštosios susietųjų modelių palyginimo projekto fazės 

(angl. Coupled Model Intercomparison Project Phase 6 – CMIP6) globalių 

klimato modelių duomenys, gauti iš NASA Earth Exchange Global Daily 

Downscaled Projections (NEX-GDDP-CMIP6) duomenų bazės (Thrasher ir 

kt., 2022). Duomenų gardelės dydis – 0,25° × 0,25°, o laiko žingsnis – para. 

Vis dėlto, nepaisant vienodo gardelės dydžio, šios duomenų bazės taškų 

koordinatės nesutapo su ERA5 gardelės taškų koordinatėmis. Gardelės 

suvienodintos naudojant R programavimo kalbos paketo akima funkcijas 

(Akima ir kt., 2025), tad CCE charakteristikų ateities projekcijos sudarytos 

orientuojantis į tuos pačius 667 taškus, kuriuose jos buvo įvertintos ir 1950–

2022 m. laikotarpiu.  

NASA NEX-GDDP-CMIP6 duomenų bazėje iš viso pateikiami 35 CMIP6 

modelių duomenys (Thrasher ir kt., 2022), tačiau tyrimo metu naudoti penki 

iš jų: CanESM5, ACCESS-CM2, GFDL-CM4, MPI-ESM1-2-LR ir 

NorESM2-MM. Jie pasirinkti siekiant atspindėti skirtingas modelių jautrumo 

spektro dalis (IV publikacija, 162 p.).  

Rengiant disertaciją naudotos dviejų bendrųjų socialinių ir ekonominių 

kelių (angl. Shared Socioecnomic Pathways – SSP) SSP2–4.5 ir SSP5–8.5 

projekcijos (IV publikacija, 163 p.). SSP2–4.5 scenarijus nurodo „vidutinį“ 

kelią, pagal kurį XXI a. pabaigoje vidutinė globali paviršiaus oro temperatūra 

būtų 2,1–3,5 °C aukštesnė, palyginti su 1850–1900 m. laikotarpiu (Chen ir kt., 

2021; Intergovernmental Panel..., 2021). Šiuo metu numatoma, kad iki 2100 

metų temperatūra išaugs 1,9–3,7 °C, tad SSP2–4.5 scenarijus atrodo ypač 

tikėtinas (Hausfather, 2025). SSP5–8.5 numato pokyčius, kurie galėtų įvykti 

jei nebus imtasi jokių klimato kaitos švelninimo priemonių (Chen ir kt., 2021). 
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Šio scenarijaus atveju XXI a. pabaigoje globali vidutinė paviršiaus oro 

temperatūra išaugtų 3,3–5,7 °C, palyginti su priešindustriniu laikotarpiu 

(Intergovernmental Panel..., 2021). Tai pesimistinis scenarijus.  

Svarbu pažymėti, kad NASA NEX-GDDP-CMIP6 duomenų bazėje 

nepateikiami wmax duomenys. Todėl siekiant įvertinti CPWE pokyčius ateityje, 

wmax reikšmės apskaičiuotos vidutinio paros vėjo greičio duomenims pritaikius 

vėjo gūsių faktorių (angl. Wind Gust Factor – WGF). Koeficientas nustatytas 

naudojant kasdienius wmax ir vidutinio vėjo greičio 1950–2022 m. laikotarpio 

ERA5 reanalizės duomenis. WGF apskaičiuotas wmax reikšmę dalijant iš 

vidutinio vėjo greičio vertės. Panaši WGF nustatymo metodika pasiūlyta dar 

praėjusiame šimtmetyje (Weggel, 1999) bei taikyta padidintos erdvinės 

skiriamosios gebos globalių bei regioninių klimato modelių wmax vertėms 

apskaičiuoti (Cheng ir kt., 2012). Atskirai nustatytas kiekvienos tyrimo 

teritorijos gardelės ir kiekvieno metų laiko koeficientas. Kiekvieno darbe 

naudoto modelio vidutinio vėjo greičio reikšmės buvo padaugintos iš WGF 

vertės; taip gautos wmax reikšmės iki XXI a. pabaigos.  

FS projekcijos sudarytos iki XXI a. vidurio (2041–2060 m.) ir pabaigos 

(2081–2100 m.) (IV publikacija), o CDHE ir CPWE – tik iki paskutinio XXI 

a. dvidešimtmečio. Siekiant įvertinti darbe tiriamų CCE pasikartojimo, 

intensyvumo ir trukmės pokyčius ateityje pasirinktas 1995–2014 m. bazinis 

laikotarpis. 20 metų trukmės laikotarpiai naudoti rengiant pastarąją 

Tarpvyriausybinės klimato kaitos komisijos (angl. Intergovernmental Panel 

on Climate Change – IPCC) ataskaitą (Chen ir kt., 2021) bei plačiai taikyti 

kituose tyrimuose, kuriuose vertinami įvairių CCE charakteristikų 

pasikeitimai XXI a. (Chapman ir kt. 2025; Feng ir kt., 2023; Wang ir kt., 

2023). Be to, tokios trukmės laikotarpis yra gana ilgas siekiant parodyti 

galimus įvairių kintamųjų ateities pokyčius sparčiai kintančio klimato 

sąlygomis ir gana trumpas, norint įvertinti tų kintamųjų skirtumus per XXI a. 

(Chen ir kt., 2021).  

Globalių CMIP6 klimato modelių duomenys pasižymi žema ir nevienoda 

erdvine skiriamąją geba, įprastai siekiančia 80–250 km (European Centre..., 

2021). Toks gardelės dydis nėra tinkamas regioniniams tyrimams. Būtent 

todėl šiame tyrime nuspręsta naudoti NASA NEX-GDDP-CMIP6 duomenų 

bazę. Sudarant šią duomenų bazę, CMIP6 modelių duomenims pritaikytas 

paklaidų korekcijos ir erdvinis išskaidymo metodas (angl. Bias Correction 

Spatial Disaggregation – BCSD), kuris leido sumažinti ir suvienodinti visų 

modelių gardelės dydį (Thrasher ir kt., 2022). Ši duomenų bazė plačiai 

pasitelkta tiriant ekstremalius hidrometeorologinius reiškinius įvairiuose 

regionuose, ji taip pat naudota sudarant skirtingų CCE projekcijas XXI a. 

(Ford ir kt., 2025; Xu ir kt., 2024; Zhang ir kt., 2024). 
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1.3. Kompleksinių klimato įvykių identifikavimas ir vertinimas 

1.3.1.  Kompleksinių sausros ir karščio bangos įvykių nustatymas 

Siekiant išskirti CDHE, pirmiausia identifikuotos sausros ir karščio 

bangos. Sausroms nustatyti pasitelktas standartizuotas kritulių indeksas (angl. 

Standardized Precipitation Index – SPI) (McKee ir kt., 1993). Tyrimo metu, 

naudojant praėjusių 30 dienų kritulių kiekio sumą, apskaičiuotas kiekvienos 

tyrimo laikotarpio dienos SPI. Skaičiuojant SPI vertinamos įvairios trukmės 

kritulių kiekio sumos – nuo 1 iki 24 mėnesių (World Meteorological..., 2012). 

Vis dėlto, siekiant identifikuoti meteorologines sausras šiltuoju metų laiku, 

tiksliau nustatyti šių reiškinių pradžią ir pabaigą bei detaliau apibrėžti 

kompleksinius sausros ir karščio bangos įvykius, buvo pasirinktas 30 dienų 

skaičiavimo laikotarpis. SPI apskaičiuoti panaudotas R programavimo kalbos 

SPEI paketas (Beguería & Vicente-Serrano, 2023). Sausra atitinkamoje 

gardelėje identifikuota, kai SPI reikšmė buvo mažesnė už –1 (World 

Meteorological..., 2012) bent penkias dienas iš eilės (I publikacija, 28 p.).  

Karščio bangos identifikuotos naudojant tmax 90-to percentilio reikšmes. 

Percentilių reikšmės atskirai skaičiuotos kiekvienoje tyrimo teritorijos 

gardelėje, o karščio banga nustatyta, kai percentilio vertė atitinkamoje 

gardelėje buvo viršyta ne mažiau kaip penkias dienas iš eilės. Penkių dienų 

kriterijus pasirinktas norint išvengti „statistinio triukšmo“ – naudojant 

trumpesnį laikotarpį, pavyzdžiui, tris dienas, atitinkamame tyrimo teritorijos 

taške 1950–2022 m. laikotarpiu gauta vidutiniškai 12 karščio bangos dienų per 

dešimtmetį – beveik trigubai daugiau nei taikant penkių iš eilės einančių dienų 

kriterijų. Be to, ilgesnis karščio bangos laikotarpio pasirinkimas grįstas ir 

galimu stipresniu poveikiu žmogaus sveikatai (Anderson & Bell, 2011; Kent 

ir kt., 2014). 1950–2022 m. laikotarpio 90-to percentilio reikšmės 

apskaičiuotos naudojant kiekvienos gardelės penkių dienų slankųjį vidurkį (I 

publikacija, 28 p.). Sudarant karščio bangų ir CDHE charakteristikų ateities 

projekcijas, minėta ribinė reikšmė kiekviename tyrimo teritorijos taške 

apskaičiuota orientuojantis į visą šiltąjį laikotarpį – balandžio–rugsėjo 

mėnesius.  

Karščio bangoms identifikuoti pasirinkta 90-to tmax percentilio riba, atlikus 

jautrumo analizę taikant įvairias slenkstines vertes. Taikant 90-to percentilio 

ribą apskaičiuota, kad CDHE atitinkamoje gardelėje susidaro vidutiniškai 2,7 

dienas per metus (1 lentelė). Todėl reiškinius galima laikyti gana 

ekstremaliais, tačiau kartu užtikrinamas ir pakankamas duomenų kiekis 

statistinei analizei atlikti. O naudojant aukštesnę slenkstinę reikšmę, 

pavyzdžiui, 95-ąjį percentilį, CDHE tyrimo teritorijoje tampa daug retesni – 
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vidutiniškai pasikartoja 1,4 dienas per vasarą (1 lentelė), o to jau nepakanka 

išsamiai statistinei kompleksinių reiškinių analizei. Analogiška 90-to tmax 

percentilio riba taip pat plačiai taikyta identifikuojant karščio bangas ir kituose 

Europos regionuose (Kim ir kt., 2018; Prodhomme ir kt., 2022; Rousi ir kt., 

2022) bei globaliu mastu (Mukherjee ir kt., 2020; Ridder ir kt., 2020). 

 

1 lentelė. Vidutinė maksimalios paros oro temperatūros reikšmė bei 

vidutinis kompleksinių sausros ir karščio bangos įvykių (CDHE) skaičius 

gardelėje vasaros metu, apskaičiuotas taikant skirtingas maksimalias paros oro 

temperatūros percentilių vertes.  

Percentilis 

Vidutinė maksimalios 

paros oro temperatūros 

reikšmė (°C) 

Vidutinis CDHE skaičius 

per vasarą 

85 24,4 3,8 

90 25,4 2,7 

95 26,6 1,4 

98 27,9 0,6 

 

CDHE identifikuoti kai tiek sausra, tiek karščio banga buvo fiksuota tuo 

pat metu. 1950–2022 m. laikotarpiu CDHE vertinti vasaros mėnesiais (I 

publikacija, 29 p.), o ateities projekcijos orientuotos į balandį–rugsėjį. Toks 

pasirinkimas grįstas klimato kaitos poveikiu. Ateityje dėl, numatoma, 

augsiančios tmax, CDHE formuosis ne tik vasarą, bet, tikėtina, ir viso šiltojo 

sezono metu. 1950–2022 m. laikotarpiu tokių dienų pasikartojimo pokyčių 

statistinis reikšmingumas įvertintas naudojant Mann‘o–Kendall‘o kriterijų (p 

< 0,05), o sudarant prognozes iki XXI a. pabaigos – Mann‘o–Whitney–

Wilcoxon‘o kriterijų (p < 0,05) (I publikacija).  

Taip pat nustatyti ir CDHE laikotarpiai. Jie identifikuoti, kai CDHE 

maksimalaus išplitimo metu apėmė daugiau nei trečdalį tyrimo teritorijos (I 

publikacija). Nustatant CDHE laikotarpius siekta identifikuoti išskirtines 

dienas, kai toks kompleksinis klimato įvykis apėmė reikšmingą tyrimo 

teritorijos dalį. Atlikus jautrumo analizę apskaičiuota, kad taikant trečdalio 

tyrimo teritorijos kriterijų CDHE laikotarpiai sudarė 1,4 % visų tiriamojo 

laikotarpio dienų. Pritaikius 50 % gardelių ribą, ši dalis sumažėjo iki 0,9 %, o 

naudojant 20 % ir 25 % gardelių kriterijus, CDHE laikotarpiai sudarė 

atitinkamai 1,7–2,0 % visų tiriamojo laikotarpio dienų. Atsižvelgiant į šiuos 

rezultatus, trečdalio tyrimo teritorijos kriterijus pasirinktas kaip optimalus 

tolesnei analizei.  
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CDHE laikotarpio pradžia laikoma diena, kai kompleksinis klimato įvykis 

buvo fiksuotas daugiau nei 10 % gardelių, o pabaiga – kai sąlyga nebebuvo 

tenkinama bent tris dienas paeiliui (I publikacija). Šios sąlygos buvo įvestos 

siekiant išvengti atvejų, kai tik keliose gardelėse susiformavę CDHE reiškiniai 

dirbtinai pailgina CDHE laikotarpio trukmę bei situacijų, kai vos vieną dieną 

nefiksuoti CDHE sutapimai lemia naujo laikotarpio pradžią. 

CDHE laikotarpių intensyvumas 1950–2022 m. įvertintas SPI vertėms bei 

tmax nuokrypių nuo 90-to percentilio reikšmėms pritaikius Min–Max 

normalizacijos metodą (I publikacija, 28–29 p.). Prieš taikant šį metodą, 

apskaičiuotos kiekvienos CDHE laikotarpiui priklausančios dienos SPI ir tmax 

anomalijų medianos. Skaičiavimai atlikti naudojant tik tas gardeles, kuriose 

buvo užfiksuotas CDHE. Siekiant įvertinti, ar duomenyse nėra reikšmingų 

išskirčių, buvo taikytas kvartilių skirtumo metodas. Analizė parodė, kad tiek 

tmax anomalijų, tiek SPI duomenų rinkiniuose nustatyta tik po vieną išskirtį. 

Tad Min–Max normalizacijos metodas laikytas tinkamu tolesnei analizei. 

Siekiant nustatyti CDHE intensyvumo pokyčius iki XXI a. pabaigos, 

atitinkamai apskaičiuotas 3 dienų SPI medianų vidurkis ir 3 dienų tmax 

nuokrypių nuo 90-ojo percentilio reikšmių vidurkis. Šiuo atveju Min–Max 

normalizacijos nuspręsta netaikyti dėl pernelyg didelio SPI ir tmax nuokrypių 

išskirčių skaičiaus.  

1.3.2.  Vėlyvų pavasario šalnų nustatymas 

Siekiant nustatyti FS, pirmiausia kiekviename tyrimo teritorijos taške 

identifikuotos vegetacijos sezono pradžios (angl. Start of the Growing Season 

– SGS) ir paskutinės pavasario šalnos (angl. Last Spring Frost – LSF) datos. 

SGS data – pirma šešių iš eilės einančių dienų laikotarpio diena, kai visas 

šešias dienas tavg ≥ 5 °C (Swedish Meteorological..., 2024). LSF data – 

paskutinė diena kovą–birželį, kai tmin < 0 °C (II publikacija). 0 °C riba 

nustatant LSF datą bei vertinant jos poveikį įvairiems augalams, taip pat 

plačiai naudota kituose tyrimuose Europoje bei Baltijos jūros regione (Ceglar 

ir kt., 2019; Koźmiński ir kt., 2023; Wypych ir kt., 2017). Sudarant ateities 

projekcijas LSF datos nustatymo laikotarpis dėl, tikėtina, augsiančių žiemos 

bei pavasario mėnesių tmin reikšmių, pratęstas iki sausio–birželio (IV 

publikacija). 

FS atitinkamoje gardelėje identifikuota, jei LSF fiksuota vėliau nei SGS 

(Allstadt ir kt., 2015; Chamberlain ir kt., 2019) (II ir IV publikacijos). Šie 

CCE tirti vasario–birželio mėnesiais. FS pasikartojimo pokyčių statistinis 

reikšmingumas nustatytas naudojant Stjudento kriterijų (II ir IV 

publikacijos).  
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Siekiant įvertinti FS intensyvumą 1950–2022 m. laikotarpiu panaudoti du 

kintamieji – iki įvykio sukaupta aktyviųjų temperatūrų (angl. Growing Degree 

Days – GDD) suma ir įvykio metu fiksuota tmin. Skaičiuojant aktyviųjų 

temperatūrų sumas naudota bazinė temperatūra, lygi 5 °C (McMaster & 

Wilhelm, 1997). Ši bazinė reikšmė GDD skaičiavimui naudota ir kituose 

tyrimuose (Koźmiński ir kt., 2023; Vitasse ir kt., 2019; Wypych ir kt., 2017). 

 Norint nustatyti FS intensyvumą GDD bei tmin reikšmės suskirstytos į tris 

kategorijas, iš kurių sudarytos devynios FS intensyvumo klasės (II 

publikacija, 9355 p., 2 lentelė). Sudarant FS charakteristikų prognozes iki 

XXI a. pabaigos, intensyvumas įvertintas tik pagal GDD (IV publikacija, 163 

p.). Dėl CMIP6 modelių minimalių oro temperatūrų (tmin) reikšmėms būdingo 

didelio neapibrėžtumo ir riboto patikimumo, vertinant būsimų FS reiškinių 

intensyvumą, nebuvo naudojamos konkrečios tmin vertės, fiksuotos jų 

susidarymo metu.  

 

2 lentelė. Kategorijos, pagal kurias visos FS suskirstytos į devynias 

intensyvumo klases. tmin ir GDD – atitinkamai minimali paros oro temperatūra 

ir aktyviųjų temperatūrų suma.  

Kintamasis Kategorija Ribinės vertės 
Intensyvumo 

klasė 

tmin, fiksuota FS 

metu 

F1 0 °C > tmin ≥ –2 °C F1_GDD1, 

F1_GDD2, 

F1_GDD3, 

F2_GDD1, 

F2_GDD2, 

F2_GDD3, 

F3_GDD1, 

F3_GDD2, 

F3_GDD3. 

F2 –2 °C > tmin ≥ –5 °C 

F3 tmin < –5 °C 

GDD, sukaupta 

iki FS 

GDD1 0 °C < GDD ≤ 100 °C 

GDD2 100 °C < GDD ≤ 200 °C 

GDD3 GDD > 200 °C 

1.3.3.  Kompleksinių kritulių kiekio ir vėjo greičio ekstremumų nustatymas 

Paros kritulių kiekio P ir maksimalaus vėjo greičio wmax ekstremumai 

išskirti, kai atitinkamo kintamojo reikšmė viršijo 98-ojo percentilio vertę. 

Atskirai apskaičiuotos kiekvienos gardelės percentilių reikšmės tyrimo 

teritorijoje. 98-ojo percentilio vertė pasirinkta atlikus jautrumo analizę. 

Taikant šią ribą, identifikuoti vidutiniai ir stiprūs ekstremumai bei gautas 

pakankamas duomenų kiekis statistinei analizei (3 lentelė). 98-ojo percentilio 

reikšmės, norint išskirti CPWE, taip pat naudotos ir kituose tyrimuose 

(Martius ir kt., 2016; Messmer & Simmonds, 2021). CPWE išskirtas, kai toje 
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pačioje gardelėje tuo pat metu fiksuotas ir kritulių kiekio, ir vėjo greičio 

ekstremumas. Šių CCE pasikartojimas atskirai įvertintas skirtingais metų 

laikais. Pokyčių statistinis reikšmingumas nustatytas naudojant Stjudento 

kriterijų (p < 0,05) (III publikacija). 

Siekiant tyrimo teritorijoje išskirti pačius stipriausius CPWE, 

apskaičiuotos viso tyrimo laikotarpio P ir wmax 99,9-ojo percentilio reikšmės. 

Tada įvertinta, kiek per tyrimo laikotarpį buvo atvejų, kai abu kintamieji toje 

pačioje gardelėje viršijo šių percentilių vertes, nustatytas tokių atvejų 

pasikartojimas skirtingais sezonais bei erdvinis pasiskirstymas (III 

publikacija). 

3 lentelė. Paros vidutinis kritulių kiekis, maksimalus vėjo greitis ir 

vidutinis kompleksinių kritulių bei vėjo greičio ekstremumų (CPWE) skaičius 

per dešimtmetį, apskaičiuotas taikant skirtingas paros kritulių kiekio ir 

maksimalaus vėjo greičio percentilių vertes.  

Percentilis 

Vidutinė 

kritulių kiekio 

reikšmė 

(mm/parą) 

Vidutinė 

maksimalaus 

vėjo greičio 

reikšmė 

(m/s) 

Vidutinis CPWE 

skaičius per dešimtmetį 

vienoje gardelėje 

90 6,0 14,9 83,9 

95 8,8 16,5 25,7 

98 12,7 18,6 5,5 

99 16,0 20,2 1,6 

1.4. Kompleksinių klimato įvykių susiformavimą lemiančių atmosferos 

sąlygų vertinimas 

Atmosferos cirkuliacijos sąlygos, vyravusios susiformuojant skirtingiems 

CCE, nustatytos taikant Heso–Brezovskio atmosferos cirkuliacijos tipų 

klasifikaciją (Muriset, n.d.; Werner & Gerstengarbe, 2010). Vertinant CPWE 

atvejus, nustatyta, kokie tipai vyravo, kai reiškinys tą pačią dieną fiksuotas 

daugiau nei penktadalyje gardelių. Susidarymą lėmę veiksniai nustatyti 

pasitelkiant papildomus duomenų šaltinius (Jungtinės Karalystės, Vokietijos 

ir Nyderlandų orų tarnybų sinoptines schemas, ERA5 reanalizės duomenis ir 

kt.) (III publikacija, 5 p.) Atmosferos sąlygos vertinant CPWE atskirai 

aptartos šiltuoju (balandžio–rugsėjo mėn.) bei šaltuoju (spalio–kovo mėn.) 

sezonais. Tiriant FS, įvertinta, kaip 1950–2022 m. laikotarpiu keitėsi skirtingų 

Heso–Brezovskio atmosferos cirkuliacijos tipų pasikartojimas. CDHE atveju 
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nustatyta, kokios sąlygos vyravo dienomis, kai CCE maksimalaus išplitimo 

metu apėmė daugiau nei trečdalį tyrimo teritorijos.  
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2. TYRIMŲ REZULTATAI 

2.1. Kompleksiniai sausros ir karščio bangos įvykiai 

1950–2022 m. daugiausia 33–36 CDHE įvykiai per dešimtmetį nustatyti 

rytinėje bei pietrytinėje tyrimo teritorijos dalyse (3a pav.). Toks erdvinis 

pasiskirstymas glaudžiai siejasi su sausros dienų pasikartojimo tendencijomis 

– didžiausias skaičius dienų, kai buvo fiksuotas CDHE, taip pat apskaičiuotas 

rytinėje tiriamo rajono dalyje (I publikacija, 30 p.). Per 73 metų laikotarpį 

CDHE skaičiaus didėjimo tendencija užfiksuota 73 % tyrimo teritorijos 

gardelių (3b pav.). Toks padidėjimas sietinas su visoje tyrimo teritorijoje 

išaugusiu karščio bangos dienų skaičiumi (I publikacija, 31 p.). Tačiau 

nustatyti CDHE pasikartojimo pokyčiai beveik visais atvejais nedideli ir pagal 

Mann‘o–Kendall‘o kriterijų statistiškai reikšmingi (p < 0,05) vos 1,9 % 

gardelių. Labiausiai CDHE skaičius (5 įvykiais per tyrimo laikotarpį) padidėjo 

Rytų Lietuvoje (3b pav.). 

 

 
3 pav. Kompleksinių sausros ir karščio bangos įvykių (CDHE) skaičius per 

dešimtmetį rytinėje Baltijos jūros regiono dalyje (a) ir šių įvykių skaičiaus 

pokytis per dešimtmetį 1950–2022 m. laikotarpiu (b). Taškais pažymėtose 

gardelėse nustatyti pokyčiai yra statistiškai reikšmingi taikant Mann‘o–

Kendall‘o kriterijų (p < 0,05).  

 

Vasarą (nuo XX a. vidurio iki 2022 m.) rytinėje Baltijos jūros regiono 

dalyje nustatyta dešimt laikotarpių, kai CDHE maksimalaus išplitimo metu 

apėmė bent trečdalį tyrimo teritorijos (I publikacija, 31 p.). Beveik visi jie 
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identifikuoti antrojoje vasaros pusėje. Pusė CDHE laikotarpių išskirta 

paskutiniame XX a. dešimtmetyje. Ypač išsiskyrė 1994 metai, kai buvo 

nustatyti du tokie laikotarpiai, o CDHE besitęsęs nuo 1994 m. liepos 24 d. iki 

rugpjūčio 7 d., buvo ne tik pats ilgiausias (truko 15 dienų), bet ir maksimalaus 

išplitimo metu apėmė didžiausią tyrimo teritorijos dalį (94,2 %) bei buvo pats 

intensyviausias (I publikacija, 31 p.).  

CDHE susidarymas regione siejamas su šiltų oro masių pernaša iš pietų ir 

pietryčių bei anticiklonine veikla. Nustatyta, kad pagal Heso–Brezovskio 

atmosferos cirkuliacijos tipų klasifikaciją darbe išskirtų CDHE laikotarpių 

metu dažniausiai vyravo pietinė cirkuliacija (SEA, SEZ, SA, SZ, TB, TRW 

tipai; 36 % dienų) bei anticiklono gūbrys (BM tipas; 30 % dienų).  

Prognozuojama, kad XXI a. pabaigoje, palyginti su baziniu 1995–2014 m. 

laikotarpiu ir priklausomai nuo taikyto modelio ir scenarijaus, CDHE skaičius 

balandžio–rugsėjo mėnesiais išaugs daugiau nei 86 % gardelių (4 pav.).  

 

 
4 pav. Prognozuojamas kompleksinių sausros ir karščio bangos įvykių 

(CDHE) skaičiaus pokytis per metus tyrimo teritorijos gardelėse pagal penkių 

skirtingų CMIP6 modelių SSP2–4.5 (a–e) ir SSP5–8.5 (f–j) scenarijų 

duomenis, nustatytas lyginant 2081–2100 m. laikotarpį su baziniu 1995–2014 

m. laikotarpiu. Taškais pažymėtos gardelės, kuriose pokyčiai yra statistiškai 

reikšmingi taikant Mann‘o–Whitney–Wilcoxon‘o kriterijų (p < 0,05). 

 

Pagal SSP2–4.5 scenarijų pokytis sieks vidutiniškai 1–5 įvykius per metus, 

o pagal SSP5–8.5 – vidutiniškai 6–18 įvykių per metus (4 pav.). Tokį CDHE 

skaičiaus augimą nulems didėsianti maksimali paros oro temperatūra ir, 

prognozuojama, išaugsiantis karščio bangų dienų skaičius. Vis dėlto, pokyčių 
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mastą dažniausiai lems kritulių kiekio erdvinis pasiskirstymas. Būtent todėl 

didžiausias CDHE skaičiaus augimas XXI a. pabaigoje, palyginti su baziniu 

laikotarpiu, numatomas pagal ACCESS-CM2 modelio, prognozuojančio 

sparčiausią karščio bangos dienų skaičius augimą, ir NorESM2-MM modelio, 

numatančio ženklų sausros dienų skaičiaus pokytį, duomenis (4 pav.).  

1995–2014 m. fiksuoti vos keturi CDHE laikotarpiai, kai šis reiškinys 

maksimalaus išplitimo metu apėmė bent trečdalį tyrimo teritorijos. Ateityje 

tokių laikotarpių skaičius reikšmingai išaugs. Numatoma, kad amžiaus 

pabaigoje per dvidešimtmetį susiformuos 11–19 (SSP2–4.5) ir 13–29 (SSP5–

8.5) CDHE laikotarpiai, apimantys trečdalį teritorijos. Kita vertus, pagal 

CanESM5 ir GFDL-CM4 modelių SSP2–4.5 scenarijaus projekcijas 

numatomi daug mažesni pokyčiai. Išaugs ir CDHE trukmė. Baziniu 

laikotarpiu trukę vidutiniškai 9 dienas, XXI a. pabaigoje šie reiškiniai, 

prognozuojama, užsitęs vidutiniškai 10–20 dienų pagal SSP2–4.5 ir 15–33 

dienas pagal SSP5–8.5. Išsiplės ir maksimalaus išplitimo metu apimta tyrimo 

teritorijos dalis. Kaip ir 1950–2022 m. laikotarpiu, prognozuojama, kad 

ateityje CDHE (33,3–79,4 % visų įvykių) dažniausiai susidarys šiltojo sezono 

pabaigoje.  

2.2. Vėlyvos pavasario šalnos 

1950–2022 m. laikotarpiu SGS data rytinėje Baltijos jūros regiono dalyje 

paankstėjo visoje tyrimo teritorijoje (vidutiniškai 10,6 dienomis), o statistiškai 

reikšmingi pokyčiai pagal Mann‘o–Kendall‘o kriterijų (p < 0,05) gauti 73,9 % 

gardelių (II publikacija, 9355 p.). LSF datos ankstėjimas taip pat užfiksuotas 

beveik visoje tyrimo teritorijoje (99,4 % gardelių), tačiau pokyčiai šiuo atveju 

mažesni. Vidutiniškai per 73 metų laikotarpį LSF data paankstėjo beveik 

savaite (6,3 dienomis), o pokyčiai statistiškai reikšmingi 21,3 % gardelių (p < 

0,05) (II publikacija, 9355–9356 p.). Tokie datų poslinkiai lėmė palankesnių  

FS susidarymo sąlygų atsiradimą, o tai patvirtina ir LSF ir SGS datų skirtumo 

pokyčiai 1950–2022 m. Apskaičiuota, kad šis skirtumas išaugo 85,9 % 

gardelių, vis dėlto, statistiškai reikšmingi pokyčiai (p < 0,05) identifikuoti tik 

4,8 % tyrimo teritorijos ploto (5a pav.).  

Lyginant pasikartojimą laikotarpio pradžioje (1950–1969 m.) ir pabaigoje 

(2003–2022 m.) apskaičiuota, kad FS skaičius padidėjo beveik visame 

tiriamame regione (85,9 % gardelių). Didžiausias augimas nustatytas rytinėje 

tyrimo arealo dalyje bei Pietvakarių Lietuvoje, o statistiškai reikšmingi 

pokyčiai nustatyti 30 % gardelių (5b pav.). Apskaičiuota, kad per visą tyrimo 

laikotarpį dažniausiai FS pasikartojo centrinėje Estijoje bei pietvakarinėje 

regiono dalyje (II publikacija, 9357 p.). 
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5 pav. Paskutinės pavasario šalnos (LSF) ir vegetacijos sezono pradžios 

(SGS) datų skirtumo pokytis (dienomis) tyrimo rajono gardelėse 1950–2022 

m. (a) ir vėlyvų pavasario šalnų (FS) skaičiaus pokytis, gautas lyginant 2003–

2022 m. ir 1950–1969 m. laikotarpius (b). Taškais pažymėtos gardelės, 

kuriose pokyčiai yra statistiškai reikšmingi (p < 0,05) taikant Mann‘o–

Kendall‘o kriterijų (a) ir Stjudento kriterijų (b). 

 

Apskaičiuota, kad 1950–2022 m. laikotarpiu vidutiniškai iki FS buvo 

sukaupta 67,3 °C GDD. Didžiausia sukauptų GDD mediana (69–72 °C) 

nustatyta pietvakarinėje tyrimo teritorijos dalyje, Vakarų Latvijoje ir 

Centrinėje Estijoje. Lyginant 1950–1969 ir 2003–2022 m. laikotarpius, GDD 

mediana išaugo 56,1 % gardelių, o didžiausias šio rodiklio reikšmių augimas 

nustatytas pietinėje tyrimo teritorijos dalyje (II publikacija, 9358–9359 p.). 

Įvertinus FS intensyvumą pagal iki šio reiškinio sukauptas GDD sumas ir 

įvykio metu fiksuotą tmin reikšmę (1 lentelė), reikšmingų pokyčių nenustatyta. 

Žemiausiai intensyvumo kategorijai priklausė 65,5 % FS atvejų. Pats 

stipriausias reiškinys, kurio metu buvo sukaupta daugiau nei 200 °C GDD, o 

tmin reikšmė nukrito žemiau –2 °C, užfiksuotas 1975 m. šiaurinėje tiriamo 

regiono dalyje (II publikacija, 9359 p.). 

FS susidarymas dažniausiai siejamas su šaltų arktinių oro masių advekcija 

iš šiaurės vakarų, šiaurės ir šiaurės rytų (Bielec-Bąkowska & Twardosz, 2023; 

Tomczyk ir kt., 2019). Tačiau 1950–2022 m. laikotarpiu, taikant Heso–

Brezovskio klasifikaciją, reikšmingų šiaurės–šiaurės rytų atmosferos 

cirkuliacijos tipų (NEA, NEZ, HFA, HFZ, HNFA, HNFZ) pasikartojimo 

pokyčių neužfiksuota. 
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XXI a. pabaigoje, palyginti su baziniu 1995–2014 m. laikotarpiu, 

numatomas tolesnis SGS datos ankstėjimas. 2041–2060 m. toks pokytis sieks 

vidutiniškai 5–14,5 dienos (SSP2–4.5) ir 3–17,5 dienos (SSP5–8.5), o amžiaus 

pabaigoje – atitinkamai 9,5–27 (SSP2–4.5) ir 21–43 dienas (SSP5–8.5) (IV 

publikacija, 164–165 p.). Prognozuojama, kad LSF data ateityje paankstės. 

Palyginti su baziniu laikotarpiu, XXI a. viduryje pokyčiai sieks vidutiniškai 

8–22 dienas (SSP2–4.5) ir 5,5–26,5 dienos (SSP5–8.5), o 2081–2100 m. 

laikotarpiu – 7–38 (SSP2–4.5) ir 14–53,5 dienos (SSP5–8.5) (IV publikacija, 

164–165 p.).  

Priešingai nei SGS ir LSF, prognozuojami FS pokyčiai ateityje yra labiau 

neapibrėžti. Pagal SSP2–4.5 scenarijų dauguma modelių XXI a. viduryje 

numato šių įvykių pasikartojimo mažėjimą. Panašios tendencijos nustatytos ir 

pagal SSP5–8.5 projekcijas (IV publikacija, 165–166 p.). FS pokyčių 

prognozės XXI a. pabaigoje nepasižymi vieninga tendencija. Remiantis dviejų 

darbe taikomų modelių duomenis, didesnėje tyrimo teritorijos dalyje 

prognozuojamas FS skaičiaus augimas, o pagal likusius – mažėjimas (6 pav.).  

 

 
6 pav. Prognozuojamas vėlyvų pavasario šalnų (FS) skaičiaus pokytis 

kiekvienoje tyrimo teritorijos gardelėje, remiantis penkių skirtingų CMIP6 

modelių SSP2–4.5 (a–e) ir SSP5–8.5 (f–j) scenarijų duomenimis, gautais 

lyginant 2081–2100 m. laikotarpį su baziniu 1995–2014 m. laikotarpiu. 

Taškais pažymėtos gardelės, kuriose pokyčiai yra statistiškai reikšmingi 

taikant Stjudento kriterijų (p < 0,05). 
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FS intensyvumo pokyčiai ateityje įvertinti apskaičiavus iki atitinkamo 

įvykio sukauptą GDD sumą. Pagal SSP2–4.5 scenarijų 2041–2060 m. ir 2081–

2100 m. laikotarpiais dauguma modelių prognozuoja šio rodiklio reikšmių 

mažėjimą. Pagal SSP5–8.5 scenarijų tokia tendencija prognozuojama 

remiantis trijų modelių (CanESM5, GFDL-CM4 ir MPI-ESM1-2-LR) 

duomenimis (IV publikacija, 166–167 p.). Tačiau pagal ACCESS-CM2 ir 

NorESM2-MM modelius numatomas iki įvykio sukaupiamos GDD augimas 

bei didėsiantis atvejų, kai iki FS buvo sukaupta daugiau nei 200 °C GDD 

(aukščiausia GDD intensyvumo kategorija; 2 lentelė), skaičius (IV 

publikacija, 167 p.). 

2.3. Kompleksiniai kritulių kiekio ir vėjo greičio ekstremumai 

1950–2022 m. dažniausiai (17,9 % atvejų) CPWE pasikartojo spalį, o 

rečiausiai šie reiškiniai užfiksuoti pavasarį (III publikacija, 7 p.). Daugiausia 

tokių ekstremumų per 73 metų laikotarpį išskirta Vakarų Lietuvoje (10–11 

įvykių per dešimtmetį). Būtent nurodytoje tyrimo teritorijos dalyje CPWE 

dažniausiai kartojosi ir šaltuoju metų sezonu, t. y. spalio–kovo mėnesiais (7a 

pav.). Šiltuoju laikotarpiu (balandžio–rugsėjo mėnesiais) CPWE 

pasiskirstymas buvo tolygesnis (7b pav.). 

 

 
 7 pav. Kompleksinių kritulių kiekio ir vėjo greičio ekstremumų (CPWE) 

atvejų skaičius per dešimtmetį šaltuoju (spalio–kovo mėn.) (a) ir šiltuoju 

(balandžio–rugsėjo mėn.) (b) laikotarpiais. CPWE skaičiaus pokytis, 

nustatytas lyginant 2003–2022 m. ir 1950–1969 m. laikotarpius (c). Taškais 

pažymėtos gardelės, kuriose pokyčiai yra statistiškai reikšmingi taikant 

Stjudento kriterijų (p < 0,05). 
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Taip pat nustatyta, kad per 1950–2022 m. laikotarpį CPWE atvejų skaičius 

rytinėje Baltijos jūros regiono dalyje nežymiai išaugo, tačiau šis pokytis 

statistiškai nereikšmingas (p < 0,05) (III publikacija, 7 p.). Vis dėlto, 

įvertinus pasikartojimą tyrimo teritorijos gardelėse 1950–1969 m. ir 2003–

2022 m. laikotarpiais, apskaičiuota, kad CPWE skaičius padidėjo 70,2 % 

gardelių. Statistiškai reikšmingi (p < 0,05) didžiausi (10–12 atvejų) pokyčiai 

nustatyti pietinėje ir pietvakarinėje tyrimo teritorijos dalyse (7c pav.), o 

labiausiai (65,5 % gardelių) CPWE skaičius išaugo vasarą (III publikacija, 

8–9 p.).  

Identifikuotos vos keturios dienos, kai ir maksimalaus vėjo greičio wmax, ir 

paros kritulių kiekio P reikšmės viršijo 99,9-ojo percentilio vertes daugiau nei 

1 % tyrimo teritorijos. Šiomis dienomis fiksuoti ypač ekstremalūs CPWE. Visi 

šie atvejai užfiksuoti liepos pabaigoje ir rugpjūčio pirmąjį dešimtadienį (III 

publikacija, 9–10 p.).  

Dažniausiai tą pačią dieną CPWE fiksuoti tik vienoje ar keliose gardelėse. 

Iš viso išskirtos 44 dienos, kai CCE apėmė daugiau nei penktadalį tyrimo 

teritorijos (III publikacija, 10 p.). Būtent šie CPWE analizuoti siekiant 

nustatyti jų susidarymą lemiančias atmosferos sąlygas. Nustatyta, kad šaltuoju 

laikotarpiu CPWE susiformavimas sietinas su stipria zonine pernaša iš vakarų 

(WZ tipas) ir gilių Atlanto ciklonų pietinėje periferijoje greitai besivystančia 

frontine sistema. Šiltuoju laikotarpiu tokius reiškinius rytinėje Baltijos jūros 

regiono dalyje įprastai nulemia tyrimo teritoriją pasiekiantys pietiniai ciklonai, 

kurie lėmė ir pačių intensyviausių CPWE susidarymą (III publikacija, 10–12 

p.).  

Prognozuojama, kad ateityje CPWE skaičius rytinėje Baltijos jūros regiono 

dalyje išaugs. Palyginus 2081–2100 m. su baziniu 1995–2014 m. laikotarpiu, 

remiantis visų modelių prognozėmis tokia tendencija numatoma daugiau nei 

pusėje tyrimo teritorijos (8 pav.). Vis dėlto, numatomi pokyčiai nėra dideli, o 

visais atvejais CPWE skaičiaus statistiškai reikšmingas (p < 0,05) pokytis 

prognozuojamas mažiau nei ketvirtyje tyrimo teritorijos (8 pav.). Šioms 

prognozėms būdingi neapibrėžtumai pirmiausia sietini su vėjo gūsių 

faktoriaus naudojimu wmax reikšmėms nustatyti. 

Tikėtina, kad dažnesnį CPWE pasikartojimą ateityje nulems didėsiantis 

kritulių kiekio ekstremumų skaičius, numatomas, remiantis visų darbe 

naudotų modelių projekcijų duomenimis. Maksimalaus vėjo greičio 

ekstremumų skaičiaus pokyčiai ateityje yra labiau neapibrėžti. Dalis modelių 

(GFDL-CM4, MPI-ESM1-2-LR) prognozuoja, kad tokie ekstremumai ateityje 

pasitaikys dažniau, o likę numato mažėjimą. 
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8 pav. Kompleksinių kritulių kiekio ir vėjo greičio ekstremumų (CPWE) 

skaičiaus pokytis per dešimtmetį lyginant 2081–2100 m. ir 1995–2014 m. 

laikotarpius, remiantis skirtingų CMIP6 klimato modelių SSP2–4.5 ir SSP5–

8.5 scenarijų duomenimis. Taškais pažymėtos gardelės, kuriose pokyčiai 

statistiškai reikšmingi taikant Mann‘o–Whitney–Wilcoxon‘o kriterijų 

(p < 0,05). 

  

Tikėtina, jog ateityje išliks tendencija, kad daugiau CPWE susidarys 

šaltuoju metų laiku, ypač rudenį. XXI a. pabaigoje padidės ir dienų skaičius, 

kai CPWE apims daugiau nei trečdalį tyrimo teritorijos. Pagal SSP2–4.5 

scenarijų tokių dienų 2081–2100 m. prognozuojama 6–12, pagal SSP5–8.5 

scenarijų – 6–11 per dvidešimtmetį. 1995–2014 m. laikotarpiu, remiantis 

ERA5 reanalizės duomenis, išskirtos penkios tokios dienos.  

Prognozuojama, kad XXI a. pabaigoje pagal daugumos darbe taikytų 

modelių duomenis dienų skaičius, kai bent 1 % tyrimo teritorijos susidarys 

ypač intensyvūs CPWE (kurių metu tiek wmax, tiek P reikšmės viršys 99,9-to 

percentilio vertes), nepakis. Baziniu laikotarpiu nustatytos trys tokios dienos, 

o XXI a pabaigoje numatomos 1–3 (SSP2–4.5) ir 2–4 dienos (SSP5–8.5). Tik 

pagal GFDL-CM4 modelio abiejų SSP scenarijų projekcijas gauta 10 dienų su 

ypač stipriais CPWE. Vis dėlto, kadangi ypač intensyvūs CPWE ateityje 

pasikartos labai retai, šie rezultatai pasižymi gana dideliu neapibrėžtumu.  
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REZULTATŲ APTARIMAS 

1950–2022 m. laikotarpiu CDHE skaičius padidėjo beveik 75 % gardelių. 

Dažnesnis šių įvykių pasikartojimas pirmiausia sietinas su dėl klimato kaitos 

išaugusia tmax bei tyrimo teritorijoje reikšmingai (p < 0,05) padidėjusiu karščio 

bangų dienų skaičiumi. Vis dėlto, apskaičiuoti CDHE pasikartojimo pokyčiai 

beveik visose gardelėse buvo nedideli. Tokią situaciją lėmė daugumoje 

gardelių (89 %) per tyrimo laikotarpį sumažėjęs sausros dienų skaičius (I 

publikacija).  

Dauguma tyrimo laikotarpiu nustatytų CDHE buvo išskirti antroje vasaros 

pusėje, o tokia tendencija sietina su dažnesniu karščio bangų susidarymu 

liepos pabaigoje ir rugpjūčio mėnesio pradžioje. CDHE skaičiaus augimo 

tendencija pastaraisiais dešimtmečiais būdinga daugeliui Šiaurės pusrutulio 

vidutinių platumų regionų (Ridder ir kt., 2020), o pokyčiai dėl spartesnio oro 

temperatūros augimo didesni nei Pietų pusrutulyje (Mukherjee & 

Mishra, 2021). CDHE vis dažniau pasikartoja ir šiaurinėje bei centrinėje 

Europoje (Bezak & Mikoš, 2020; Wibig & Jędruszkiewicz 2024). 

XXI a. pabaigoje, palyginti su 1995–2014 m. laikotarpiu, rytinėje Baltijos 

jūros regiono dalyje numatomas CDHE trukmės ir intensyvumo didėjimas. 

Remiantis SSP5–8.5 scenarijumi ši tendencija ypač ryški, o pokyčiai 

didžiojoje tyrimo teritorijos dalyje statistiškai reikšmingi (p < 0,05). 

Pagrindinis CDHE skaičiaus didėjimą lemsiantis veiksnys bus išaugsiantis 

karščio bangų dienų skaičius. Numatoma, kad palyginti su baziniu laikotarpiu, 

XXI a. pabaigoje jų skaičius išaugs vidutiniškai 23–44 dienomis (SSP2–4.5 

scenarijus) ir 28–84 dienomis (SSP5–8.5 scenarijus) per metus. Tačiau toks 

nemažas karščio bangų dienų pasikartojimo pokytis lems, kad beveik visos 

sausros, susidarysiančios XXI a. pabaigoje, sutaps su šiuo reiškiniu (Bevacqua 

ir kt., 2022). Todėl CDHE pasikartojimo pokyčių mastas priklausys nuo 

kritulių kiekio ir sausrų erdvinio pasikartojimo tendencijų. Ypatingai svarbu 

pažymėti, kad tmax 90-ojo percentilio reikšmės, kurios naudotos ateities karščio 

bangoms identifikuoti, XXI a. pabaigoje kintant klimatui taps įprastos. Ribinė 

vertė, taikyta karščio bangoms identifikuoti, priklausomai nuo modelio 

vidutiniškai padidės 1,9–5,3 °C (SSP2–4.5 scenarijus) ir 4,3–9,6 °C (SSP5–

8.5 scenarijus). Taigi, tikėtina, kad visuomenė bei ekosistemos gebės 

prisitaikyti prie pasikeitusių klimato sąlygų. Todėl nepaisant gana didelio 

karščio bangos dienų skaičiaus bei CDHE pasikartojimo augimo, šių reiškinių 

sukeliamo neigiamo poveikio pokyčiai ateityje gali būti ne tokie dideli.  

1950–2022 m. laikotarpiu išaugusi vasario–balandžio mėnesių oro 

temperatūra lėmė SGS datos ankstėjimą visoje tyrimo teritorijoje (II 

publikacija, 9355 p.). Dėl klimato kaitos nulemtos padidėjusios oro 
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temperatūros antroje žiemos pusėje bei ankstyvo pavasario LSF data per 73 

metų laikotarpį taip pat paankstėjo. Tačiau nustatytas pokytis mažesnis nei 

SGS atveju, o 1950–2022 m. laikotarpiu beveik visoje tyrimo teritorijoje 

išaugusi laikotarpio tarp LSF ir SGS datų trukmė nulėmė palankesnes FS 

formavimosi sąlygas (II publikacija, 9356 p.). Didžiausi ir statistiškai 

reikšmingi pokyčiai apskaičiuoti tose vietovėse, kuriose pavasario oro 

temperatūra didėjo sparčiausiai. Visgi didžiojoje tyrimo teritorijos dalyje 

reikšmingų FS pasikartojimo pokyčių nenustatyta. Reikšmingų vėlyvų 

pavasario šalnų rizikos pokyčių pastaraisiais dešimtmečiais taip pat 

nenustatyta ir Lenkijoje atliktuose tyrimuose (Graczyk & Szwed, 2020; 

Koźmiński ir kt., 2023). 

Dėl šildančio Baltijos jūros poveikio pakrantės žemumose LSF data 

vidutiniškai buvo fiksuota keliomis savaitėmis ar net mėnesiu anksčiau nei 

likusioje tyrimo teritorijos dalyje. Todėl Baltijos jūros pakrantėje FS pasitaikė 

retai – iki dviejų kartų per dešimtmetį, o tolstant į žemyno gilumą jų skaičius 

sparčiai išaugo iki 7–8 įvykių per dešimtmetį. Tokia tendencija būdinga ne tik 

šiame darbe analizuojamai teritorijai, bet ir kitiems regionams (Zohner ir kt., 

2020).  

Ateityje rytinėje Baltijos jūros regiono dalyje numatomas SGS datos 

ankstėjimas. Priklausomai nuo taikyto modelio ir scenarijaus vegetacijos 

sezonas XXI a. pradžioje turėtų prasidėti 3–6 savaitėmis anksčiau nei 1995–

2014 m. (IV publikacija, 164 p.). Prognozuojama, kad vis anksčiau susidarys 

ir LSF. Numatoma, kad pokytis 2081–2100 m., palyginti su baziniu 

laikotarpiu, sieks vidutiniškai 1–6 savaites (IV publikacija, 165 p.). Tačiau, 

nepaisant to, kad pagal visų darbe taikytų modelių duomenis rytinėje Baltijos 

jūros regiono dalyje numatomas tiek SGS, tiek LSF datų ankstėjimas, FS 

pasikartojimo prognozės ateityje nėra vienareikšmės. Dalis modelių numato 

FS skaičiaus didėjimą, kiti – mažėjimą (IV publikacija, 165–166 p.). Tai 

susiję su tuo, kad skirtingi modeliai prognozuoja nevienodą LSF ir SGS datų 

kaitos greitėjimą. Todėl, jei spartesnis oro temperatūros augimas numatomas 

žiemos pabaigoje ar ankstyvą pavasarį, FS skaičius padidėtų. Tačiau jei oro 

temperatūros reikšmės labiau didės antroje pavasario pusėje, šių reiškinių 

pasikartojimas, tikėtina, sumažės. Panašios, dideliu neapibrėžtumu 

pasižyminčios FS charakteristikų ateities prognozės gautos ir kituose 

regionuose (Allstadt ir kt., 2015; Lhotka & Brönnimann, 2020; Mallard ir kt., 

2023; Martinuzzi ir kt., 2019). 

CPWE pasikartojimo pokyčiai 1950–2022 m. laikotarpiu sietini su klimato 

kaita. Nustatyta, kad kritulių kiekio ekstremumų skaičius padidėjo visoje 

tyrimo teritorijoje. Daugelyje gardelių wmax ekstremumų skaičius taip pat 

padidėjo. Vis dėlto, pokyčiai daugeliu atvejų buvo nedideli, todėl statistiškai 

36



 

reikšmingo CPWE skaičiaus augimo per 73 metų laikotarpį nenustatyta. 

Reikšmingo CPWE skaičiaus augimo nenustatyta ir Skandinavijoje, Kinijoje 

bei Iberijos pusiasalyje (He ir kt., 2025; Hénin ir kt., 2021; Johansson, 2021). 

Palyginus 1950–1969 m. ir 2003–2022 m. laikotarpių duomenis, nustatyta, 

kad CPWE skaičius labiausiai padidėjo vasarą (III publikacija), tai sietina su 

kylančia vasaros mėnesių oro temperatūra bei didėjančiu vandens garų kiekiu 

ore, stiprinančiais atmosferos konvekciją, kurios pasekmė – lokalūs P ir wmax 

ekstremumai. CPWE erdviniam pasiskirstymui tyrimo teritorijoje, ypač 

šaltuoju metų laiku, didžiausią poveikį turi atstumas nuo Baltijos jūros bei 

reljefas. Todėl dažniausiai CPWE buvo fiksuojami Vakarų Lietuvoje, 

priešvėjiniuose Žemaičių aukštumos šlaituose. Didesnis CPWE skaičius nei 

aplinkinėse vietovėse nustatytas ir Vidurio Latvijos aukštumose (III 

publikacija, 7 p.). 

XXI a. pabaigoje pagal taikytų modelių prognozes numatoma, kad CPWE 

skaičius, palyginti su baziniu 1995–2014 m. laikotarpiu, padidės daugiau nei 

pusėje tyrimo teritorijos. CPWE, tikėtina, ir toliau dažniau bus fiksuojamas 

šaltuoju metų laiku. Dažnesnis CPWE pasikartojimas ateityje, tikėtina, bus 

nulemtas didėjančio garavimo, dažnesnių kritulių kiekio ekstremumų ir 

tropinių bei vidutinių platumų ciklonų trajektorijų pokyčių (Li ir kt., 2024; 

Seneviratne ir kt., 2021).  

Skirtingų CCE susidarymas priklauso nuo atmosferoje vykstančių procesų 

ir jų dinamikos. CDHE Europoje įprastai siejami su anticiklonine cirkuliacija 

ir blokuojančių darinių susiformavimu (Ionita ir kt., 2021; Spensberger ir kt., 

2020), kurie susilpnina zoninę pernašą bei keičia ciklonų trajektorijas ir 

nukreipia juos piečiau. Taip pat aukšto slėgio dariniai slopina aukštyneigius 

oro srautus, sumažina vandens garų kiekį ir silpnina kritulių formavimąsi 

(Ionita ir kt., 2021). Tokiu būdu sudaromos ypač palankios sausrų ir karščio 

bangų vystymosi sąlygos. Tokia tendencija nustatyta ir šiame darbe – 

daugumą dienų, kai buvo fiksuoti tokie CCE, tyrimo teritorijoje vyravo 

anticiklono gūbrys arba oro masių pernaša iš pietų–pietryčių, kuri sietina su 

šilto oro patekimu į Baltijos šalis. CDHE formavimasis glaudžiai siejasi ne tik 

su lokaliais procesais atmosferoje, bet ir su didesnio masto atmosferos 

cirkuliacija. Nustatyta, kad Lenkijoje karščio bangų susidarymas sutampa su 

giliu Azorų anticiklonu ir stipria blokuojančia sistema virš Šiaurės Atlanto 

(Wibig, 2017).  

FS įvykių susidarymas taip pat siejamas su blokuojančiais anticiklonais ir 

teigiamomis atmosferos slėgio jūros lygyje anomalijomis. Pavasarį tokie 

dariniai neretai lemia šaltų arktinių oro masių advekciją iš šiaurės vakarų, 

šiaurės ir šiaurės rytų. Vėlyvą pavasarį FS taip pat siejami su neigiama Šiaurės 
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Atlanto osciliacijos faze (Tomczyk, 2015). Vis dėlto, Baltijos šalyse pavasarį 

būdinga įvairių oro masių advekcija, o skirtingų tipų oro masių pasikartojimui 

būdingi dideli tarpmetiniai svyravimai (Krauklis & Draveniece, 2004). Būtent 

didelis atmosferos sąlygų kintamumas yra viena iš galimų priežasčių, lėmusių 

tai, kad per visą tyrimo laikotarpį reikšmingų FS pasikartojimo pokyčių 

didžiojoje tiriamos teritorijos dalyje nenustatyta (II publikacija).  

Kitaip nei CDHE ir FS atveju, CPWE susidarymas šaltuoju ir šiltuoju metų 

laiku yra susijęs su skirtingais atmosferoje vykstančiais procesais. Šaltuoju 

metų laiku CPWE formuojasi įsivyravus intensyviai zoninei pernašai iš 

vakarų, o šiltuoju sezonu – tiriamą teritoriją pasiekus pietiniams ciklonams bei 

intensyviai vykstant atmosferos konvekcijai (III publikacija). Tokia 

tendencija Vakarų bei Centrinėje Europoje nėra būdinga. Dažniausiai 

ekstremalaus kritulių kiekio ir vėjo greičio epizodus čia sukelia Atlanto 

ciklonai, todėl intensyviausi CPWE susidaro žiemą (de Luca ir kt., 2020; 

Ridder ir kt., 2020). Ateityje, kylant oro temperatūrai, augs ir vandens garų 

kiekis ore, todėl, tikėtina, kad didės ir konvekcijos procesų intensyvumas 

(Kendon ir kt., 2014; Taszarek ir kt., 2021), lemsiantis lokalių CPWE 

susiformavimą.  

Sudarant CCE pokyčių prognozes iki XXI a. pabaigos buvo pasirinkti 

CMIP6 modeliai, apimantys skirtingas ECS spektro dalis. Modelių jautrumas 

atsispindi ir kai kuriuose gautuose rezultatuose. Didžiausiu jautrumu 

pasižymėję CanESM5 ir ACCES-CM2 modeliai prognozuoja didesnius tavg, 

tmin ir tmax pokyčius, todėl taikant jų duomenis nustatytas didesnis karščio 

bangų dienų skaičiaus augimas bei SGS ir LSF datų ankstėjimas 

(IV publikacija). Visgi vertinant kitų darbe analizuotų kintamųjų (P, wmax) 

kaitą modelio jautrumo vertė atlieka mažesnį vaidmenį. Didžiausias kritulių 

kiekio mažėjimas, sudarantis palankesnės sausrų susidarymo sąlygas, 

nustatytas naudojant NorESM2-MM modelio duomenis, o didžiausias kritulių 

kiekio didėjimas, palankus kritulių kiekio ekstremumams susidaryti – 

remiantis CanESM5 modelio duomenimis. Didžiausias wmax reikšmių 

didėjimas būdingas GFDL-CM4 ir MPI-ESM1-2-LR modeliams. Didesni 

CCE charakteristikų pokyčiai numatomi naudojant SSP5–8.5 scenarijaus 

projekcijų duomenis. 

Vertinant tyrimo metu gautus rezultatus derėtų atsižvelgti į keletą aspektų 

ir neapibrėžtumų. Pirmiausia, nepaisant glaudaus ryšio su matavimais 

meteorologijos stotyse, ERA5 duomenims būdingos paklaidos. Be to, 

duomenų kokybė bėgant laikui kinta. Dėl didėjančio skaičiaus antžeminių bei 

palydovinių stebėjimų, asimiliuojamų sudarant reanalizę, pastarųjų 

dešimtmečių ERA5 duomenų tikslumas yra didesnis nei XX a. vidurio (Bell 

ir kt., 2021). Tiriant CPWE svarbu pažymėti, kad ERA5 duomenys geriau 
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parodo kritulių kiekio ir vėjo greičio ekstremumus, susijusius su vidutinių 

platumų ciklonų veikla. Mezomasto konvekcijos procesų sukelti ekstremumai 

reprezentuojami prasčiau. Įtakos tam turi ir duomenų gardelės dydis. Tiek 

ERA5 reanalizės, tiek NASA NEX-GDDP-CMIP6 duomenų bazės atveju jis 

siekia 0,25° × 0,25°. Toks gardelės dydis neleidžia išsamiai įvertinti 

smulkesnio masto vietinių veiksnių įtakos FS susidarymui. Be to, dėl šios 

priežasties galėjo likti nenustatyta dalis lokalių ir konvekcinių kritulių epizodų 

(Chen ir kt., 2024; Gaska, 2023).  

Nustatant CDHE labai svarbus sausroms identifikuoti taikomo indekso 

parinkimas. Rengiant disertaciją nuspręsta naudoti SPI. Skaičiuojant šį 

indeksą naudojamos tik kritulių kiekio reikšmės ir neatsižvelgiama į oro 

temperatūrą, dirvos drėgmę bei kitus rodiklius. SPI skirtas meteorologinėms 

sausroms nustatyti ir yra labiau tinkamas taikyti regionuose, kuriuose 

pagrindinis sausrų susidarymą lemiantis veiksnys yra kritulių kiekio trūkumas 

(Wang ir kt., 2025). Lietuvoje vasarą drėgmės kiekis dirvoje labiau priklauso 

ne nuo temperatūros ar kitų rodiklių, bet nuo kritulių kiekio (Rimkus ir kt., 

2020), todėl SPI gali būti sėkmingai taikomas sausroms tiriamame regione 

identifikuoti. Tačiau taikant SPI galėjo būti nustatytas mažesnis sausros dienų 

skaičius, palyginti su indeksais, kurių skaičiavimas tiesiogiai ar netiesiogiai 

grindžiamas oro temperatūros duomenimis. Šis aspektas tampa ypač 

reikšmingas analizuojant ateities projekcijas, sudarytas kintančio klimato ir 

kylančios oro temperatūros sąlygomis. Tad siekiant detalesnio ir tikslesnio 

CDHE charakteristikų ir galimo poveikio įvertinimo, tolesniuose tyrimuose 

atliekant sausrų identifikavimą vertėtų pasitelkti ir oro temperatūrą ar 

evapotranspiraciją įtraukiančius indeksus.  

 Klimatologiniais rodikliais remtasi ir nustatant SGS datą (analizuojant FS 

įvykius). SGS data identifikuota remiantis tik tavg, tačiau ji taip pat priklauso 

ir nuo kritulių kiekio, dirvožemio drėgmės, maistinių medžiagų kiekio, 

evapotranspiracijos ir kitų parametrų (Chen ir kt., 2023; Qu ir kt., 2015). Vis 

dėlto, būtent oro temperatūra yra pagrindinis veiksnys, lemiantis vegetacijos 

sezono pradžią (Juknys ir kt., 2017). Vertinant FS bei jų intensyvumą taip pat 

laikyta, kad šie įvykiai visoms augalų rūšims kelią vienodą pavojų. Iš tiesų 

taip nėra – FS daroma žala labai priklauso nuo augalo rūšies, fenologinės 

fazės, augavietės mikroklimato ir geografinės padėties (Chamberlain ir kt., 

2019). Įtakos turi ir vietiniai veiksniai – žemėnaudos tipas, dirvožemio 

charakteristikos, vėjo parametrai (De Melo-Abreu ir kt., 2016; Leslie ir kt., 

2014). Todėl, siekiant tikslesnio FS charakteristikų interpretavimo bei 

išsamaus galimo tokių reiškinių poveikio įvertinimo ateityje, į šiuos veiksnius 

vertėtų atsižvelgti. Visgi FS pasikartojimo ir intensyvumo ateities projekcijų 
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sudarymas, įtraukiant platesnį kintamųjų spektrą, gali būti dar labiau 

metodologiškai sudėtingas ir pasižymėti didesniu neapibrėžtumu. 

CPWE pokyčių prognozės pasižymi gana dideliu neapibrėžtumu. Tai 

susiję ne tik su klimato scenarijų bei modelių skirtumais, bet ir su tuo, kad 

CMIP6 modelių wmax reikšmės gautos taikant vėjo gūsių faktorių. Kadangi šis 

koeficientas apskaičiuotas naudojant santykį tarp vidutinio ir maksimalaus 

paros vėjo greičio 1950–2022 m. laikotarpiu, laikoma, kad toks pat ryšys tarp 

šių dviejų kintamųjų išliks ir ateityje. Tačiau ateityje, kintant klimatui ir 

atmosferos cirkuliacijos bruožams, WGF reikšmės gali keistis. Globalių 

klimato modelių vidutinio vėjo greičio prognozių reikšmės taip pat nėra labai 

patikimos (Deng ir kt., 2021; Wu ir kt., 2020). Tai lemia nepakankamai didelė 

modelių erdvinė skiriamoji geba, dėl kurios paviršiaus ir jo šiurkštumo 

charakteristikos modeliavimo metu yra supaprastinamos (Andres-Martin ir 

kt., 2023). Kita priežastis – duomenyse pateikiami gardelių vidurkiai, tačiau 

vėjo laukui būdingas didelis nevienalytiškumas, o jo reikšmių pasiskirstymas 

stipriai priklauso nuo vietovės mikroklimatinių sąlygų, todėl pateikiamuose 

duomenyse ekstremumai gali būti nugludinti (Shen ir kt., 2022).  

Gauti rezultatai taip pat priklauso nuo pasirinktų slenkstinių verčių, kurios 

naudojamos CCE identifikuoti. Atitinkamai padidinus ar sumažinus 

percentilių vertes nustatant karščio bangas, kritulių kiekio bei vėjo greičio 

ekstremumus galėtų pasikeisti ir gautos CCE charakteristikų vertės. Taip pat 

dėl šios priežasties ir skirtingų metodų, taikomų CCE identifikuoti, gali būti 

sudėtinga kiekybiškai palyginti tyrimo metu gautus CCE charakteristikų 

pokyčius su kitų tyrimų rezultatais. Kita vertus, keičiant slenkstines vertes 

nustatytų pokyčių pobūdis nesikeistų.  

Ribotumų turi ir disertacijoje analizuota NASA NEX-GDDP-CMIP6 

duomenų bazė. Sudarant šią duomenų bazę, atliekant pasaulinių klimato 

modelių paklaidų korekciją ir didinant skiriamąją gebą, remiamasi prielaida, 

kad erdviniai klimato pokyčių dėsningumai, nustatyti 1960–2014 m. 

laikotarpiu, išliks nepakitę ir ateityje, todėl išliks toks pat ekstremalių įvykių 

pasikartojimas kaip ir pirminiuose CMIP6 duomenyse. Be to, minėto proceso 

metu laikoma, kad XXI a. temperatūros rodiklių ir kitų kintamųjų pokyčiai 

bus tiesiniai – t. y. jei modelis baziniu laikotarpiu, palyginti su antžeminiais 

matavimais, sistemingai prognozavo 1 °C aukštesnę temperatūrą, toks pats 

nuokrypis taikomas ir ateities projekcijoms. Tačiau klimato sistemai būdingas 

didelis kintamumas ir netiesinė dinamika, todėl šis metodas gali 

nepakankamai tiksliai parodyti būsimus pokyčius (Thrasher ir kt., 2022). 

Nepaisant minėtų neapibrėžtumų, tikėtina, kad ateityje CDHE ir CPWE 

pasikartojimas rytinėje Baltijos jūros regiono dalyje išaugs, dalis modelių 
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prognozuoja ir galimą FS skaičiaus didėjimą. Todėl, siekiant sumažinti šių 

reiškinių neigiamą poveikį, vystant prisitaikymo prie klimato kaitos ir jos 

švelninimo strategijas rekomenduotina atsižvelgti ne tik į pavienius 

ekstremumus, bet ir kompleksinius klimato įvykius ir numatomos jų 

charakteristikų pokyčius.  
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IŠVADOS 

1. Klimato kaita lemia dažnesnius kompleksinius klimato įvykius rytinėje 

Baltijos jūros regiono dalyje. Kylančios oro temperatūros poveikis ypač 

ryškus vertinant kompleksinių sausros ir karščio bangos įvykių skaičiaus 

pokyčius matavimų laikotarpiu. Šių reiškinių pasikartojimo didėjimą, 

nustatytą 73 % gardelių, labiausiai lėmė dėl klimato kaitos visoje tyrimo 

teritorijoje reikšmingai išaugęs karščio bangų dienų skaičius. Dėl šylančio 

klimato didėsiantis karščio bangų dienų skaičius taip pat, tikėtina, lems 

kompleksinių sausros ir karščio bangos įvykių pasikartojimo augimą iki 

XXI a. pabaigos. Vis dėlto prognozuojamų pokyčių mastą ribos su sausrų 

pasikartojimo kaita susijęs neapibrėžtumas.  

2. Dėl stipriai išaugusios oro temperatūros antroje žiemos pusėje ir ankstyvą 

pavasarį, vegetacijos sezono pradžios data ankstėjo vidutiniškai 10,6 

dienomis, o paskutinės pavasario šalnos data – 6,3 dienomis per tyrimo 

laikotarpį. Todėl nežymiai padidėjo ir vėlyvų pavasario šalnų (FS) 

skaičius (vidutiniškai 1,3 karto). Tačiau pokyčiai buvo statistiškai 

reikšmingi mažiau nei trečdalyje tyrimo teritorijos. Ateityje rytinėje 

Baltijos jūros regiono dalyje numatomas tolesnis vegetacijos sezono 

pradžios ir paskutinės pavasario šalnos datų ankstėjimas. Šių datų pokyčių 

tempas naudotų modelių projekcijose labai skiriasi. Todėl vėlyvų 

pavasario šalnų pasikartojimo XXI a. pabaigoje prognozėms būdingas 

gana didelis neapibrėžtumas. 

3. Kompleksinių kritulių kiekio ir vėjo greičio ekstremumų skaičius nuo 

XX a. vidurio išaugo 70,2 % tyrimo teritorijos, o didžiausias didėjimas 

nustatytas vasarą. Prognozuojama, kad XXI a. pabaigoje pagal taikytų 

CMIP6 modelių projekcijas kompleksinių kritulių kiekio ir vėjo greičio 

ekstremumų skaičius padidės daugiau nei pusėje tyrimo teritorijos. Tokią 

tendenciją, tikėtina, lems didėsiantis kritulių kiekis, o pokyčių mastas 

priklausys nuo maksimalaus vėjo greičio ekstremumų pasikartojimo 

tendencijų. Vis dėlto maksimalaus vėjo greičio prognozės pasižymi 

neapibrėžtumu, pirmiausia susijusiu su vėjo gūsių faktoriaus koeficiento 

taikymu ir dideliu vėjo lauko nevienalytiškumu, todėl kompleksinių 

kritulių kiekio ir vėjo greičio ekstremumų prognozes derėtų vertinti 

atsargiai.  

4. Kompleksinių klimato įvykių formavimąsi rytinėje Baltijos jūros regiono 

dalyje lemia įvairūs lokalūs ir didelio masto atmosferos procesai. 

Kompleksiniai sausros ir karščio bangos įvykiai bei vėlyvos pavasario 

šalnos dažniausiai siejami su regione įsivyravusia anticiklonine 

cirkuliacija, o kompleksinių kritulių kiekio ir vėjo greičio ekstremumų 
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susidarymą lemia skirtingi sezoniniai atmosferos cirkuliacijos veiksniai. 

Šaltuoju metų laiku (spalio–kovo mėn.) šie ekstremumai dažniausiai 

formavosi esant stipriai zoninei pernašai iš vakarų ir sparčiai vystantis 

frontinėms bangoms pietinėje gilių Atlanto ciklonų periferijoje, o šiltuoju 

metų laiku buvo daugiausiai susiję su pietinių ciklonų poveikiu.  
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SUMMARY 

INTRODUCTION 

Due to human-induced climate change, the global land and ocean surface 

temperatures have increased by 0.06 °C per decade since 1850 and by 0.2 °C 

per decade since 1975 (Lindsey & Dahlman, 2025). These changes lead to 

increasingly frequent occurrences of various extreme weather and climate 

phenomena (droughts, extreme precipitation, heatwaves, floods, severe spring 

frosts, etc.) in different regions (AghaKouchak et al., 2020; Di Capua & 

Rahmstorf, 2023; Seneviratne et al., 2021). Until the past decade, such 

extremes were typically studied separately. However, it has been observed that 

greater negative socioeconomic impact occurs when several, not necessarily 

extreme, phenomena happen simultaneously or interact with one another 

(Seneviratne et al., 2012; Zscheischler et al., 2020). This phenomenon is 

referred to as a compound climate event (CCE) (Seneviratne et al., 2012; 

Zscheischler et al., 2018). Currently, various CCEs are being studied, and they 

are typically classified into four types (Zscheischler et al., 2020): 

1. Multivariate events, when several processes acting together cause an

impact.

2. Preconditioned events, determined by processes that occurred

beforehand.

3. Temporally compounding events, where negative impacts arise from

several consecutive hazards recorded in the same area.

4. Spatially compounding events, identified when several drivers acting

in different locations within the same region jointly create a single

overall hazard and risk.

In this dissertation, three CCEs were analysed: compound drought and 

heatwave events (CDHE), false spring (FS), and compound precipitation and 

wind extremes (CPWE). The selected CCEs result from interactions between 

meteorological phenomena and encompass some of the most common 

weather- and climate-related extremes in the study area (droughts, heatwaves, 

heavy precipitation, etc.). All three analysed CCEs are also relevant in the 

context of rising temperatures and a changing climate causing significant 

negative impacts across different regions, including the Baltic States 

(European Environment…, 2025; Guglielmo et al., 2026). 

CDHEs are identified when both a drought and a heatwave occur 

simultaneously within the same area. Favourable condition for the formation 

of CDHEs typically develop during extended drought periods. During them, 

reduced soil moisture decreases the amount of thermal energy required for 
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moisture evaporation (Benson & Dirmeyer, 2021), which, in turn, leads to 

more rapid warming of different surfaces. When a warm air mass reaches the 

region, this process increases the intensity of the heatwave. The heatwave, 

conversely, intensifies the drought: as air temperatures rise, evaporation rates 

increase, further drying the soil (Wang et al., 2024). CDHEs are associated 

with increased mortality (Ducros et al., 2025), affect people’s emotional health 

(Sewell et al., 2024), cause a negative impact on crop yield (He et al., 2022), 

and increase the risk of forest fires (Gazol & Camarero, 2022; Markonis et al., 

2021). In recent decades, increases in CDHE occurrences have been reported 

across various regions, including Europe (Bezak & Mikoš, 2020; Geirinhas et 

al., 2021; Sedlmeier et al., 2018; Shi et al., 2021). 

FS term can be interpreted in various ways (Chamberlain et al., 2019). In 

this study, FS is defined as an event in which the growing season begins early 

due to anomalously high air temperatures in late winter and early spring, but 

is subsequently followed by an intrusion of cold air during which the daily 

minimum air temperature falls below 0 °C (Zscheischler et al., 2020). Due to 

rapidly rising air temperature during winter and spring months in the Northern 

Hemisphere, an increasingly earlier start of the growing season (SGS) has 

been observed (Allstadt et al., 2015; Zhu et al., 2019). However, already in the 

1980s, it was found that an earlier start of the growing season creates 

favourable conditions for the formation of false spring events (Cannell & 

Smith, 1986). FS particularly negatively affects the agricultural sector 

(Lamichhane, 2021); these events may result in the loss of a large share or 

even the entire fruit harvest (Faust & Herbold, 2018; Ma et al., 2019).  

CPWEs are identified when extremes of both wind speed and precipitation 

occur simultaneously in the same location. The formation of CPWEs in the 

mid-latitudes of Europe is typically associated with deep Atlantic cyclones 

and orographic uplift (Martius et al., 2016). These CCEs are considered among 

the most damaging extreme climate phenomena, capable of causing fatalities, 

posing risks to the natural environment, and disrupting critical infrastructure 

(Li et al., 2022). Although over recent decades the frequency of CPWEs in 

Europe has remained relatively unchanged (Johansson, 2021), projections 

suggest that with continued climate warming, these extremes will become 

more frequent, particularly in the northern and eastern parts of the continent 

(Ridder et al., 2022).  

Even though the increase in mean air temperature in the Baltic Sea region 

has been faster than the global average in recent decades (Helsinki 

Commission, 2024), various extreme weather and climate phenomena in the 

region have so far been studied separately. Therefore, the motivation for the 

research stems from the lack of CCE studies in the Baltic States. 
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Research object, aim, and objectives 

The study area is the eastern part of the Baltic Sea region. The object of 

this study is compound climate events typical for the region.  

 

The aim of the thesis is to assess the formation and occurrence of different 

compound climate events in the eastern part of the Baltic Sea region and to 

determine changes in the characteristics of these events by the end of the 21st 

century. 

 

Objectives: 

1. To assess changes in the recurrence and intensity of different 

compound climate events in the eastern part of the Baltic Sea region 

during 1950–2022.  

2. To analyse the factors determining the formation of compound 

drought and heatwave events, false spring events, and compound wind 

and precipitation extremes.  

3. To evaluate projected changes in the recurrence, duration, and 

intensity of compound climate events by the end of the 21st century.  

4. To analyse the difference in the spatial distribution of the recurrence 

of compound climate events in the study area. 

 

Novelty and relevance 

CCEs are increasingly being studied across different regions, following the 

observation that their negative impacts often exceed the damage caused by 

individual extremes (Brett et al., 2025; Zscheischler et al., 2020). Changes in 

the occurrence and intensity of most of these events are directly or indirectly 

related to climate change. For example, with a global temperature increase of 

1 °C, the duration of CDHEs between 2020 and 2100 is projected to increase 

by ten days (Zhang et al., 2022). Meanwhile, despite the earlier onset of the 

growing season, the number of frost days increased across 43% of the 

Northern Hemisphere (Liu et al., 2018). 

In the future, the frequency and intensity of CDHEs are projected to 

increase in the United States (Rastogi et al., 2024), Australia (Chapman et al., 

2025), and China (Feng et al., 2023; Liu et al., 2024; Zhang et al., 2024). It is 

also estimated that by the end of the 21st century, compared with the 1981–

2010 period, the area affected by CDHEs in Europe will increase by 60% 

(Dosio et al., 2023). The frequency of CPWEs is expected to rise in coastal 

regions of the eastern United States, East and South Asia (Yaddanapudi et al., 

2022), and Europe, particularly in the northern and eastern parts of the 

continent (Ridder et al., 2022). As the climate continues to warm, a higher 
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recurrence of FS events is also expected in some areas as well (Allstadt et al., 

2015; Hufkens et al., 2012; Lhotka & Brönnimann, 2020). Thus, 

understanding and forecasting the characteristics of the CCEs analysed in this 

research will remain vital in the future. However, most CCE studies currently 

focus on southern and western Europe, Asia, and North America (Brett et al., 

2025). Therefore, detailed analysis of these events and the development of 

future projections across different regions, within the context of a rapidly 

changing climate, are particularly important.  

CCEs in the eastern part of the Baltic Sea region have so far been poorly 

studied, with more research conducted only in Poland (Graczyk & Szwed, 

2020; Koźmiński et al., 2023; Nidzgorska-Lencewicz et al., 2024; Piotrowski 

& Bartoszek, 2025; Wibig & Jędruszkiewicz, 2024). In other cases, the 

components of the CCEs analysed in this dissertation have only been assessed 

separately. Projections of various CCEs for the eastern part of the Baltic Sea 

region up to the end of the 21st century have also not yet been developed. 

In this work, for the first time, changes in the occurrence, duration, and 

spatial distribution of CDHEs, FS, and CPWEs in the eastern part of the Baltic 

Sea region since the mid-20th century were assessed in detail (Papers I–III), 

Methodology for identifying these events was developed and changes in the 

characteristics of the aforementioned CCEs by the end of the 21st century were 

evaluated. The study also proposes a methodology for assessing FS intensity 

(Paper II), which can be applied in other regions. Information on the 

formation and occurrence of CCEs in the region in the future may be used to 

develop warning systems for these hazardous phenomena, while the results 

obtained improve understanding of CCE formation mechanisms.  

1. MATERIALS AND METHODS 

1.1. Study area 

CCEs were analysed in the eastern part of the Baltic Sea region, covering 

the area from 53.5° to 59.5° N and from 20° to 28.5° E. The study area is 

dominated by lowlands and plains, with the highest point rising to 355 m 

above sea level. According to the updated Köppen–Geiger climate 

classification, the study area belongs to the Dfb climate type: no dry season is 

distinguished; at least four months have a mean air temperature above 10 °C 

but below 22 °C, and the mean air temperature of the coldest month is below 

or equal to 0 °C (Beck et al., 2018). The mean annual air temperature in the 

region during 1991–2020 was 7.0 °C and from 1950 increased by 0.23 °C per 

decade. July had the highest mean air temperature (18.2 °C), while January 
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was the coldest month (–3.4 °C). The study area lies within a moisture surplus 

zone, where precipitation exceeds evaporation (Kilkus & Stonevičius, 2011). 

Annual precipitation ranges from 610 to 890 mm, with the highest values 

occurring in the western part of the study area. July and August are the wettest 

months in most of the region (averaging 82–86 mm of precipitation per 

month). The mean annual wind speed varies from 3 m/s in the eastern part of 

the study area to 5.5–6 m/s in the north-western part, with the strongest winds 

occurring in winter (December–January). 

1.2. Data 

CCEs were assessed for the period 1950–2022. ERA5 reanalysis data from 

the European Centre for Medium-Range Weather Forecasts (ECMWF) were 

used to identify these events, including daily mean (tavg), minimum (tmin), and 

maximum (tmax) air temperature, daily precipitation (P), and hourly maximum 

wind speed (wmax). The grid resolution was 0.25° × 0.25°. As the impacts of 

the analysed CCEs are most pronounced over land, grid cells in which more 

than 50% of the area was covered by the Baltic Sea were excluded from the 

analysis (Papers I–III). For the same reason, several grid cells located at Lake 

Peipus in the north-eastern part of the study area were also removed. Land grid 

cells were identified using a land mask from the KNMI Climate Explorer 

application (Royal Netherlands..., n.d.). 

The ERA5 reanalysis was selected for its long time series and sufficiently 

high spatial and temporal resolution (Hersbach et al., 2020). The reanalysis 

incorporates satellite and ground-based observations, as well as weather radar 

data; therefore, ERA5 closely reproduces in situ measurements in Europe 

(Bell et al., 2021; Hersbach et al., 2020; Velikou et al., 2022). The accuracy 

of ERA5 reanalysis data decreases in mountainous regions (e.g., the 

Scandinavian Mountains) and in the tropics (Laurila, 2022; Lavers et al., 

2022). Nevertheless, as the highest point in the study area reaches only 355 m 

above sea level, this limitation is not considered significant in the context of 

this study. 

ERA5 data for different variables were compared with observations from 

three meteorological stations operated by the Lithuanian Hydrometeorological 

Service (Biržai, Ukmergė, and Varėna). These stations were selected because 

their coordinates most closely matched the coordinates of the ERA5 grid-cell 

centres. Evaluation of temperature indicators (average air temperature, 

minimum February–June temperature, and the minimum daily air temperature 

during the summer months) for the 1951–2022 period revealed a strong 

relationship, with values of the Pearson correlation coefficient (r) across the 
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study area ranging on average from 0.94 to 0.99 (p < 0.001). The Mean 

Absolute Error (MAE) for tavg ranged from 0.67 to 0.82 °C. MAE values for 

tmin and tmax were higher, reaching 1.46–2.43 °C and 1.17–1.91 °C, 

respectively. Values of wmax also showed good agreement with in situ 

measurements (r = 0.77–0.83; MAE = 1.64–2.32 m/s; p < 0.001). A weaker 

relationship was found only for daily precipitation totals (r = 0.65–0.66; p < 

0.001), with MAE values ranging from 1.45 to 1.51 mm. However, 

precipitation exhibits considerable spatial variability and is strongly 

influenced by local factors. This may have contributed to the greater 

discrepancies between ERA5 reanalysis data and in situ observations. 

To evaluate changes in the characteristics of the analysed CCEs by the end 

of the 21st century, data from global climate models participating in Phase 6 

of the Coupled Model Intercomparison Project (CMIP6) were used. Daily 

model data were obtained from the NASA Earth Exchange Global Daily 

Downscaled Projections (NEX-GDDP-CMIP6) database (Thrasher et al., 

2022) with the spatial resolution of 0.25° × 0.25°. This database has been 

widely used in the study of extreme hydrometeorological events across 

different regions and has also been applied to develop projections of various 

CCEs for the 21st century (Ford et al., 2025; Xu et al., 2024; Zhang et al., 

2024). Future projections of CCE characteristics were generated for the same 

667 grid points used to assess these extremes in 1950–2022. 

The NASA NEX-GDDP-CMIP6 database contains data from 35 CMIP6 

models (Thrasher et al., 2022), five of which were used in this study: 

CanESM5, ACCESS-CM2, GFDL-CM4, MPI-ESM1-2-LR, and NorESM2-

MM. These models were selected to represent different parts of the model 

equilibrium climate sensitivity (ECS) spectrum (Paper IV, p. 162). Two 

Shared Socioeconomic Pathway (SSP) scenarios were used: SSP2–4.5 and 

SSP5–8.5 (Paper IV, p. 163). 

It is important to note that the wmax data is not provided in the NASA NEX-

GDDP-CMIP6 database. Therefore, to assess future CPWE changes, wmax 

values were calculated by applying a wind gust factor (WGF) to daily mean 

wind speed data. This coefficient was determined using daily wmax and mean 

wind speed ERA5 data for 1950–2022. WGF was calculated by dividing wmax 

by the mean wind speed. The coefficient was determined separately for each 

grid cell and each season. A similar method for determining WGF was 

proposed in the last century (Weggel, 1999) and has been applied in other 

studies (Cheng et al., 2012). 

FS projections were produced for mid-century (2041–2060) and end-

century (2081–2100) (Paper IV), whereas CDHE and CPWE were assessed 

only for the final two decades of the 21st century. The period 1995–2014 was 
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used as the reference period for assessing future CCE changes. These 20-year 

periods were used in the latest Intergovernmental Panel on Climate Change 

(IPCC) report (Chen et al., 2021) and are widely applied in other studies to 

evaluate future changes in various CCEs (Chapman et al., 2025; Feng et al., 

2023; Wang et al., 2023).  

1.3. Assessment of compound climate events 

1.3.1. Identification of compound drought and heatwave events 

To identify CDHEs, droughts and heatwaves were first determined. 

Droughts were distinguished using the Standardized Precipitation Index (SPI) 

(McKee et al., 1993). In this study, SPI was calculated for each day of the 

study period using the accumulated precipitation over the previous 30 days. 

When calculating SPI, precipitation totals over various time scales (1–24 

months) are used (World Meteorological…, 2012). However, to identify 

meteorological droughts during the warm season, more precisely determine 

their onset and end, and more clearly define CDHEs, a 30-day calculation 

period was selected in this study. The R programming language SPEI package 

was used to calculate SPI (Beguería & Vicente-Serrano, 2023). A drought was 

identified in a grid cell if SPI values were below −1 (World Meteorological…, 

2012) for at least five consecutive days (Paper I, p. 28). 

Heatwaves were defined as tmax values above the 90th percentile. Percentile 

values were calculated for each grid cell in the study area, and a heatwave was 

identified when the percentile threshold in a given cell was exceeded for at 

least 5 consecutive days. The 90th percentile values for 1950–2022 were 

calculated using a five-day moving window (Paper I, p. 28). To produce 

future projections of heatwaves, this threshold value was calculated at each 

grid point for the entire warm season (April–September).  

The 90th percentile threshold for tmax in heatwave identification was 

selected based on a sensitivity analysis of different threshold values. It was 

estimated that CDHEs occur, on average, 2.7 times per summer within a given 

grid cell using the 90th percentile threshold. This indicates that the events are 

sufficiently extreme while still providing enough data for statistical analysis. 

In contrast, using a higher threshold, such as the 95th percentile, makes CDHEs 

in the study region rare (occurring, on average, 1.4 times per summer), which 

is insufficient for a detailed statistical analysis of compound events. The 90th 

percentile approach to distinguish heatwaves was also used in other studies 

(Kim et al., 2018; Mukherjee et al., 2020; Prodhomme et al., 2022; Ridder et 

al., 2020; Rousi et al., 2022). 
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The intensity of CDHE periods during 1950–2022 was assessed by 

applying the Min–Max normalisation method (Paper I, p. 28–29) to SPI 

values and to tmax deviations from the 90th percentile. Before applying this 

method, the medians of SPI and tmax anomalies were calculated for each day 

belonging to a CDHE period. The analysis was carried out using values 

obtained from grid cells containing CDHEs. To determine changes in intensity 

by the end of the 21st century, median SPI values and deviations of tmax from 

the 90th percentile were used. In this case, the Min–Max normalisation method 

was not applied due to an excessively large number of outliers in both the SPI 

and tmax deviation datasets. 

A CDHE was identified as a day when drought and heatwave conditions 

occurred simultaneously. For 1950–2022, CDHE were assessed during 

summer months (Paper I, p. 29), while future projections were produced for 

the warm season (April–September). This choice is based on the assumption 

that, in the future, due to the expected increase in tmax, CDHEs are likely to 

form not only in summer but also throughout the entire warm season.  

CDHE periods were also identified (Paper I). These were defined as those 

cases in which, at maximum extent, the phenomenon covered more than one-

third of the study area. Following a sensitivity analysis, it was calculated that, 

when applying the criterion of one-third of the study area, CDHE periods 

accounted for 1.4% of all days in the study period. When a 50% grid-cell 

threshold was applied, this share decreased to 0.9%. Meanwhile, using 20% 

and 25% grid-cell criteria, CDHE periods accounted for approximately 1.7–

2.0% of all days in the study period. Based on these results, the one-third study 

area criterion was selected as optimal for further analysis. The start of an event 

was determined as the date when CDHEs were recorded in more than 10% of 

grid cells, and the end when this condition was no longer met for at least 3 

consecutive days (Paper I). These conditions were applied to avoid cases in 

which CDHEs forming in only a few grid cells artificially extend the duration 

of a CDHE period, as well as situations where the absence of a CDHE for just 

a single day leads to the initiation of a new period. 

1.3.2. Identification of false spring events 

To identify FS events, SGS and LSF dates were first determined for each 

grid point. The SGS date was defined as the first day of a six-day period during 

which tavg ≥ 5 °C for all six consecutive days (Swedish Meteorological…, 

2024). The LSF date was defined as the last day in January-June with tmin < 0 

°C (Paper II, IV). The 0 °C threshold used to determine the timing of LSF 

has also been applied in other studies in Europe and the Baltic Sea region 
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(Ceglar et al., 2019; Koźmiński et al., 2023; Wypych et al., 2017). FS was 

identified in each grid cell if LSF occurred later than SGS (Allstadt et al., 

2015; Chamberlain et al., 2019). These CCEs were analysed for February–

June (Papers II, IV).  

To assess FS intensity during 1950–2022, two variables were used: the sum 

of growing degree days (GDD) (tbase = 5 °C) (McMaster & Wilhelm, 1997), 

accumulated until the event, and tmin recorded during FS. To determine FS 

intensity, GDD and tmin values were classified into three categories, forming 

nine FS intensity classes (Paper II, p. 9355). For future projections of FS 

characteristics, intensity was evaluated only using GDD (Paper IV, p. 163). 

Due to the high uncertainty and limited reliability of CMIP6 global climate 

models' minimum air temperature (tmin) values, specific tmin values recorded at 

the time of FS occurrence were not used when assessing the intensity of future 

false spring events.  

1.3.3. Identification of compound precipitation and wind extremes 

Extremes of P and wmax were identified when their values exceeded the 98th 

percentile. Using this threshold, moderate and severe extremes were 

identified, and sufficient data were obtained for statistical analysis. Following 

a sensitivity analysis, it was found that using the 98th percentile results in an 

average of 5.5 CPWEs per decade per grid cell. When the threshold was 

reduced to the 95th percentile, the number of CPWEs increased by almost a 

factor of five, meaning that such events could no longer be considered 

extreme. In contrast, using the 99th percentile, CPWEs were identified very 

rarely, on average, only 1.6 per decade. The 98th percentile threshold for 

CPWE identification has also been used in other studies (Martius et al., 2016; 

Messmer & Simmonds, 2021). Percentiles were calculated separately for each 

grid cell. CPWEs were identified when both extremes occurred 

simultaneously within the same grid cell. CPWE occurrence was evaluated 

separately by season. The statistical significance of changes was determined 

using Student’s t-test (p < 0.05) (Paper III). 

To identify the most intense CPWE, 99.9th percentile values of P and wmax 

were calculated for each grid cell. The number of cases where both variables 

exceeded these thresholds simultaneously was then assessed, along with their 

seasonal occurrence and spatial distribution (Paper III). 
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1.4. Assessment of atmospheric conditions determining the formation of 

compound climate events 

Atmospheric circulation conditions during the formation of different CCEs 

were determined using the Hess–Brezowsky classification of atmospheric 

circulation types (Muriset, n.d.; Werner & Gerstengarbe, 2010). For CPWEs, 

circulation types were evaluated when the event occurred in more than one-

fifth of grid cells on the same day. Additional data sources were also used to 

identify factors influencing CPWE formation (synoptic charts from the 

meteorological services of the United Kingdom, Germany, and the 

Netherlands, ERA5 reanalysis data, etc.) (Paper III, p. 5). Atmospheric 

conditions associated with these CCEs were analysed separately for the warm 

(April–September) and cold (October–March) seasons. 

For FS, changes in the occurrence of different Hess–Brezowsky circulation 

types in the study area during 1950–2022 were evaluated. For CDHE, 

atmospheric conditions were assessed on days when, at maximum extent, 

these events covered more than one-third of the study area. 

2. RESULTS AND DISCUSSION 

2.1. Compound drought and heatwave events 

During 1950–2022, the highest number of CDHEs was recorded in the 

eastern and south-eastern parts of the study area (33–36 days per decade). This 

distribution is closely related to drought occurrence patterns (Paper I, p. 30). 

Over the 73 years, the number of CDHEs increased across 73% of the study 

area. The more frequent occurrence of these events is primarily associated 

with climate change–driven increases in tmax and a statistically significant, 

according to the Mann–Kendall test (p < 0.05), rise in the number of heatwave 

days across the study region (Paper I, p. 31). However, changes in CDHE 

occurrence were small in almost all grid cells. This is due to the decrease in 

drought days across 89% of the study area (Paper I). The increasing 

recurrence of CDHEs in recent decades has been observed across many mid-

latitude regions of the Northern Hemisphere (Ridder et al., 2020), whereas 

changes are more pronounced in the Southern Hemisphere due to a faster rise 

in air temperature (Mukherjee & Mishra, 2021). CDHEs are also occurring 

more frequently in Northern and Central Europe (Bezak & Mikoš, 2020; 

Wibig & Jędruszkiewicz, 2024). 

From the mid-20th century to 2022 during the summer, 10 periods were 

identified during which, at maximum extent, CDHEs covered at least one-
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third of the study area (Paper I, p. 31). Half of the periods were recorded in 

the final decade of the 20th century. The year 1994 was particularly notable, 

with two such periods identified; the CDHE, lasting from 24 July to 7 August 

1994, was the longest (15 days), covered the largest part of the study (94.2% 

of grid cells), and was the most intense (Paper I, p. 31). 

By the end of the 21st century, compared with the baseline period 1995–

2014, the number of CDHEs during April–September is projected to increase 

in more than 86% of grid cells, depending on the model and scenario. Under 

SSP2–4.5, the increase is projected to be on average 1–5 days per year, and 

under SSP5–8.5, 6–18 days per year. The main driver of this increase will be 

the rising number of heatwave days. However, the magnitude of the changes 

in CDHE occurrence will depend on the spatial distribution of precipitation. 

Finally, it is important to note that the 90th percentile values of tmax used to 

identify future heatwaves are likely to represent typical conditions in the future 

and may no longer be considered extreme. Thus, it is likely that humans and 

various ecosystems will adapt to changing climatic conditions. Therefore, 

despite a significant increase in the number of heatwave days and CDHEs, 

future changes in the negative impacts associated with these events may be 

less pronounced. 

Also, the number of CDHEs largely depends on the index used to identify 

droughts. In this study, the SPI was selected. This index is calculated using 

only precipitation values and does not account for air temperature, soil 

moisture, or other variables. Thus, the SPI is designed to identify 

meteorological droughts and is more suitable for regions where precipitation 

deficit is the primary driver of drought formation (Wang et al., 2025). In 

Lithuania, during the summer, soil moisture is influenced more by 

precipitation than by temperature or other variables (Rimkus et al., 2020), 

suggesting that the SPI can be successfully applied to identify droughts in the 

study region. Nonetheless, the use of SPI may result in fewer drought days 

than indices that directly or indirectly incorporate air temperature data. This 

aspect becomes particularly important when analysing future projections 

under changing climate conditions and rising air temperatures. 

2.2. False spring events 

During 1950–2022, rising air temperatures in February–April led to an 

earlier SGS date across the entire study area, advancing on average by 10.6 

days (Paper II, p. 9355). Owing to climate change and higher air temperature 

in the second half of winter and early spring, the LSF date also occurred earlier 

over the 73 years. However, the change was smaller than for SGS, averaging 
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6.3 days (Paper II, p. 9356). Thus, conditions became more favourable for 

FS formation. This was also confirmed by analysing changes in the difference 

between LSF and SGS dates during 1950–2022, which increased in 85.9% of 

grid cells, but statistically significant changes using the Mann–Kendall test 

(p < 0.05) were identified in only 4.8% of the study area (Paper II, p. 9357). 

Comparing the beginning (1950–1969) and end (2003–2022) of the study 

period showed that FS recurrence rose across nearly the entire region (85.9% 

of grid cells). The largest and statistically significant changes were found in 

locations that experienced the most rapid increases in spring air temperature. 

However, based on GDD and tmin values, no significant changes in FS intensity 

were identified (Paper II, p. 9357). Similar trends in the risk of FS have also 

been observed in studies conducted in Poland (Graczyk & Szwed, 2020; 

Koźmiński et al., 2023). 

Due to the warming influence of the Baltic Sea, the LSF date in coastal 

lowlands occurred on average several weeks, or even up to a month, earlier 

than in the rest of the study area. As a result, FS events were rare along the 

Baltic coast, occurring no more than 2 times per decade. Moving further 

inland, the number of these events increased rapidly (up to 7–8 events per 

decade) (Paper II, p. 9357). This tendency is not only characteristic of the 

study area but also found in the other regions (Zohner et al., 2020). 

In the future, the SGS date is projected to advance further in the eastern 

part of the Baltic Sea region. Depending on the model and scenario used, the 

growing season at the beginning of the 21st century is expected to start 3–6 

weeks earlier than in 1995–2014 (Paper IV, p. 164). The LSF date is also 

projected to occur progressively earlier. By 2081–2100, the change relative to 

the baseline period is expected to range on average from 1 to 6 weeks (Paper 

IV, p. 165).  

Although all models used in this study project earlier SGS and LSF dates 

in the eastern part of the Baltic Sea region, future projections of FS occurrence 

do not show a consistent trend. Some models indicate an increase in the 

number of these events, while others suggest a decrease (Paper IV, p. 165–

166). The main reason is that different models project different rates of change 

in LSF and SGS dates. If more rapid warming is projected in late winter or 

early spring, FS recurrence may increase. Conversely, if air temperatures rise 

more strongly in the second half of spring, the occurrence of these events is 

likely to decline. Similar projections of FS characteristics, characterised by 

high uncertainty, have also been obtained in other regions (Allstadt et al., 

2015; Lhotka & Brönnimann, 2020; Mallard et al., 2023; Martinuzzi et al., 

2019). 
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The SGS date (and FS events) were identified from a climatological 

perspective using only mean air temperature. However, it also depends on 

precipitation, soil moisture, nutrient availability, evapotranspiration, and other 

parameters (Chen et al., 2023; Qu et al., 2015). Nevertheless, air temperature 

is the primary factor determining the onset of the growing season (Juknys et 

al., 2017). When assessing FS events and their intensity, it was also assumed 

that these events pose an equal risk to all plant species. In reality, this is not 

the case as FS damage depends strongly on plant species, phenological stage, 

microclimatic conditions of the habitat, and geographical location 

(Chamberlain et al., 2019). Local factors also play an important role, including 

land-use type, soil characteristics, and wind parameters (De Melo-Abreu et al., 

2016; Leslie et al., 2014). Therefore, to achieve a more accurate assessment 

of FS characteristics and their potential future impacts, these factors should be 

considered. 

2.3. Compound precipitation and wind extremes 

During 1950–2022, CPWEs occurred most frequently in October (17.9% 

of cases) and were least common in spring months (Paper III, p. 7). Over the 

73 years, the highest number of events was recorded in western Lithuania (10–

11 events per decade). The main reasons for such spatial distribution, 

particularly during the cold season, are the distance from the Baltic Sea and 

altitude, with CPWEs occurring most frequently on the windward slopes of 

highlands in Western Lithuania. A higher number of CPWE than in 

surrounding areas was also recorded in central Latvia, where elevated terrain 

is likewise present (Paper III, p. 7). 

The number of CPWEs in the eastern part of the Baltic Sea region increased 

slightly during 1950–2022, but the change was not statistically significant (p < 

0.05) according to the Mann–Kendall test (Paper III, p. 7). However, 

comparing 1950–1969 and 2003–2022 showed an increase in 70.2% grid cells. 

The largest (10–12 events) and statistically significant changes (p < 0.05) 

using Student’s t-test were observed in the southern and south-western parts 

of the study area. Seasonal analysis showed that the greatest increase occurred 

in summer (65.5% of grid cells) (Paper III, p. 8–9). This is associated with 

rising summer air temperatures and rising atmospheric moisture content, 

which enhance convection and lead to local precipitation and wmax extremes. 

Only 4 days were identified in which both P and wmax exceeded the 99.9th 

percentile over more than 1% of the study area in 1950-2022, representing 

extremely severe CPWE. All such days occurred from late July to early 

August (Paper III, p. 9–10). 
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By the end of the 21st century, projections from all models used in this 

dissertation indicate that CPWE frequency might increase across more than 

half of the study area compared with the 1995–2014 baseline period. These 

events are expected to continue occurring more often during the cold season. 

The projected increase in CPWE recurrence is likely to be driven by enhanced 

evaporation, more frequent precipitation extremes, and changes in the 

trajectories of tropical and mid-latitude cyclones (Li et al., 2024; Seneviratne 

et al., 2021), meaning that it will remain closely linked to climate change and 

rising air temperatures. Finally, the number of days with extremely intense 

CPWEs affecting at least 1% of the study area (both P and wmax exceeding the 

99.9th percentile) is projected to remain nearly unchanged. Three such days 

were identified in the baseline period, while 1–3 (SSP2–4.5) and 2–4 (SSP5–

8.5) days are projected by the end of the 21st century. Only the GFDL-CM4 

model forecasts 10 days with extremely strong CPWE under both SSP 

scenarios. 

It should be noted that projections of changes in CPWE characteristics are 

subject to considerable uncertainty. This is related not only to differences 

between climate scenarios and models, but also to the fact that CMIP6 model 

wmax values were derived using a wind gust factor. Since this coefficient is 

calculated based on the ratio between mean and maximum daily wind speed 

over the 1950–2022 period, it is assumed that the same relationship between 

these two variables will persist in the future. Global climate model projections 

of mean wind speed are likewise not highly reliable (Deng et al., 2021; Wu et 

al., 2020). This is due to insufficient spatial resolution in the models, which 

leads to simplified surface characteristics and roughness parameters (Andres-

Martin et al., 2023). Another reason is that the data are provided as grid-cell 

averages, whereas wind fields are highly heterogeneous and their distribution 

strongly depends on local microclimatic conditions (Shen et al., 2022). 

2.4. Atmospheric conditions leading to the formation of compound climate 

events 

CDHEs in Europe are typically associated with anticyclonic circulation and 

the development of blocking patterns (Ionita et al., 2021; Spensberger et al., 

2020). These weaken the zonal flow and divert cyclone trajectories 

southwards. Such high-pressure systems also suppress upward motion, reduce 

water vapour concentration, and limit precipitation formation (Ionita et al., 

2021). A similar tendency was observed in this research. On most days when 

these CCEs were recorded, the study area was dominated by an anticyclonic 
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ridge or air mass advection from the south and southeast, associated with the 

influx of warm air into the Baltic States.  

The formation of FS events is also associated with blocking anticyclones 

and positive sea level pressure anomalies. In spring, such patterns often lead 

to the advection of cold Arctic air masses from the northwest, north, and 

northeast. These CCEs are also associated with the negative phase of the North 

Atlantic Oscillation (Tomczyk, 2015). However, in spring, the Baltic States 

are characterised by the advection of various air masses, and the recurrence of 

different types exhibits large interannual variability (Krauklis & Draveniece, 

2004). This high variability in atmospheric conditions is one of the possible 

reasons why no significant changes in FS recurrence were identified during 

the 1950–2022 period (Paper II). 

CPWE formation is associated with distinct atmospheric processes in the 

cold and warm seasons. During the cold season, these CCEs form under a 

strong zonal westerly flow. In the warm season, CPWEs develop in the study 

area when southern-type cyclones reach the region. These cyclones were also 

responsible for the most intense CPWEs (Paper III, p. 10–12). In the future, 

as air temperature rises, the amount of water vapour in the atmosphere will 

increase; consequently, the intensity of convective processes is also likely to 

rise (Kendon et al., 2014; Taszarek et al., 2021), leading to the formation of 

local CPWEs. But it is important to note that such extremes are often recorded 

over areas smaller than the grid size used in this study. Therefore, their 

recurrence may not be reflected in either the ERA5 data or the CMIP6 model 

projections. 

2.5. Limitations of the study 

In addition to the aforementioned uncertainties when discussing CDHEs, 

FS, and CPWEs, several further aspects and potential limitations should be 

considered when interpreting the results. Despite the close agreement with 

measurements from meteorological stations, ERA5 data are subject to inherent 

errors. Moreover, data quality varies over time. Due to the increasing number 

of ground-based and satellite observations assimilated into the reanalysis, the 

accuracy of ERA5 data in recent decades is higher than in the mid-20th century 

(Bell et al., 2021). Also, ERA5 better captures precipitation and wind speed 

extremes associated with mid-latitude cyclone activity, whereas those driven 

by mesoscale convective processes are represented more poorly. This is also 

influenced by grid resolution. In both the ERA5 reanalysis and the NASA 

NEX-GDDP-CMIP6 dataset, the spatial resolution is 0.25° × 0.25°. Such a 

grid size does not allow for a detailed assessment of the influence of finer-
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scale local factors on FS formation. In addition, part of the local and 

convective precipitation events may therefore remain undetected (Chen et al., 

2024; Gaska, 2023). 

The results also depend on the chosen threshold values for identifying 

CCEs. Increasing or decreasing percentile thresholds for defining heatwaves, 

precipitation, and wind speed extremes could alter the resulting CCE 

characteristics. For the same reason, and because different methods are used 

to identify CCEs, it may be difficult to quantitatively compare the changes in 

CCE characteristics reported in this study with those reported in other studies. 

Nevertheless, the overall nature of the identified trends would not change 

when the threshold values are modified. 

The NASA NEX-GDDP-CMIP6 dataset used in this study also has 

limitations. In producing this dataset, bias correction and downscaling are 

based on the assumption that spatial patterns of climate change identified over 

the 1960–2014 period will remain unchanged in the future, and that the 

frequency of extreme events will therefore remain the same as in the original 

CMIP6 outputs. In addition, the procedure assumes that changes in 

temperature and other variables during the 21st century will be linear. For 

example, if a model systematically overestimated temperature by 1 °C during 

the baseline period relative to ground observations, the same bias is applied to 

future projections. However, the climate system is characterised by strong 

variability and nonlinear dynamics; therefore, this approach may not fully 

capture future changes (Thrasher et al., 2022). 

Despite these uncertainties, it is likely that the frequency of CDHEs and 

CPWEs will increase in the eastern Baltic Sea region in the future, and some 

models also project a potential increase in the number of FS events. Therefore, 

to reduce the negative impacts of these phenomena, climate change adaptation 

and mitigation strategies should consider not only individual extremes but also 

compound climate events and the projected changes in their characteristics. 

CONCLUSIONS 

1. Climate change is leading to a more frequent occurrence of compound 

climate events in the eastern part of the Baltic Sea region. The impact of 

rising air temperatures is particularly evident in changes in the recurrence 

of compound drought and heatwave events during the study period. The 

increase in these events, identified in 73% of grid cells, was primarily 

driven by the significant rise in the number of heatwave days across the 

entire study area due to climate change. The growing number of heatwave 

days under a warming climate is also expected to increase the frequency 
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of compound drought and heatwave events by the end of the 21st century. 

However, the extent of the projected changes will be constrained by 

uncertainties in drought dynamics. 

2. Due to the substantial increase in air temperatures during the second half 

of winter and early spring, the date of the start of the growing season 

during the study period advanced by, on average, 10.6 days, while the date 

of the last spring frost has shifted earlier by 6.3 days. As a result, the 

number of false spring events slightly increased (by an average factor of 

1.3). However, these changes were statistically significant in less than 

one-third of the study area. In the future, further advancement of both the 

start of the growing season and the last spring frost dates is projected in 

the eastern Baltic Sea region. The rates of change in these dates differ 

considerably across the model projections. Consequently, projections of 

the occurrence of false spring events by the end of the 21st century are 

associated with relatively high uncertainty. 

3. Since the mid-20th century, the number of compound precipitation and 

wind extremes has increased across 70.2% of the study area, with the 

greatest increase identified during summer. By the end of the 21st century, 

all CMIP6 model projections used in this study indicate a rise in the 

number of compound precipitation and wind extremes across more than 

half of the study area. This trend will likely be driven by increasing 

precipitation, while the magnitude of the changes will depend on trends in 

the recurrence of maximum wind speed extremes. Nevertheless, 

projections of maximum wind speed remain uncertain, primarily because 

of the application of the wind gust factor and the strong heterogeneity of 

wind fields. Therefore, projections of compound precipitation and wind 

events should be interpreted with caution. 

4. The formation of compound climate events in the eastern part of the Baltic 

Sea region is driven by a variety of local and large-scale atmospheric 

processes. Compound drought and heatwave events, as well as false spring 

events, are most commonly associated with anticyclonic circulation 

prevailing over the region, whereas the formation of compound 

precipitation and wind extremes is linked to different seasonal 

atmospheric circulation mechanisms. During the cold season (October–

March), compound precipitation and wind extremes most frequently 

developed under strong zonal westerly flow and rapidly intensifying 

frontal waves on the southern periphery of deep Atlantic cyclones, while 

during the warm season (April–September), they were primarily 

associated with the influence of southern cyclones. 
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pirmyn, kartu ir už priminimus, kad kartais laikas sustoti ir pailsėti. Ačiū už 

išsamias mokslines žinias, diskusijas bei milžinišką pagalbą rengiant 

mokslinius darbus, o ypač šią disertaciją. 

Esu labai dėkingas ir savo žmonai Agnei, kuri supratingai leido vykdyti 

mokslinę veiklą nesuskaičiuojamą (turbūt per didelį) kiekį valandų, visuomet 
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doktorantūros studijų metus. Taip pat ačiū dukrai Saulei, kuri neįtikėtinai 

praskaidrino paskutiniuosius studijų metus, sunkesnėmis akimirkomis 

gražindavo šypseną veide ir išmokė geriau planuoti laiką.  
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Hidrologijos ir klimatologijos katedros darbuotojų kolektyvui. Ačiū, kad taip 

šiltai ir maloniai priėmėte į savo gretas! Ačiū ir už įvairias (ne)mokslines 

diskusijas, kurios neabejotinai ne tik padėjo atliekant mokslinius tyrimus, bet 

ir reikšmingai pagerino disertacinio darbo kokybę.  
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Laurai Šukienei, kurių pastabos ir komentarai leido reikšmingai patobulinti 
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Galiausiai norėčiau padėkoti savo artimiesiems, kurie neprieštaravo dėl 

galbūt kiek neįprastos studijų programos pasirinkimo. Priešingai – nuolat 

džiaugėsi pasiektais rezultatais ir padėdavo iškilus problemoms. 

Ir ačiū visiems, besidomintiems ekstremaliais orų reiškiniais, 

kompleksiniais klimato įvykiais bei skaitantiems disertaciją. Tikiuosi, kad ši 

disertacija suteiks naujų žinių ir, galbūt, pagelbės atliekant tolesnius 

mokslinius tyrimus.  
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Abstract Droughts and heatwaves are natural phenomena that can cause severe damage to 
the economy, infrastructure, human health, and agriculture, among others. However, in recent 
years, it has been noted that their combined effect, known as compound drought and heatwave 
events (CDHE), often results in even greater harm. The main aim of this study was to identify 
CDHEs in this region during summers from 1950 to 2022 and assess the frequency and intensity of 
these events. To this end, the periods of droughts and heatwaves that occurred between 1950 
and 2022 were determined, and the recurrence, extent, and intensity of these phenomena 
were evaluated. In this study, 1-month Standard Precipitation Index (SPI) values calculated for 
each summer day were used to identify droughts, while heatwaves were defined as a period of 
five or more consecutive days when the daily maximum air temperature (Tmax ) was higher than 
the 90th percentile of Tmax . Precipitation and Tmax data (with a spatial resolution 0.25 ° x 0.25 °) 
were obtained from the European Centre of Medium-Range Weather Forecast ERA-5 reanalysis 
dataset. The study showed that in most of the eastern part of the Baltic Sea region, the number 
of drought days had decreased from 1950 to 2022, while the number of heatwave days had 
increased significantly. In total, ten CDHEs were identified during the summers of 1950—2022. 
Eight of these events were recorded in 1994 or later. However, a statistically significant increase 
of CDHEs was found only in a small part of the study area. 
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Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences. 

https://doi.org/10.1016/j.oceano.2023.06.010 
0078-3234/© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access 
article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

79



Oceanologia 66 (2024) 26—36 

1. Introduction 

Various extreme weather phenomena have become more 
frequent over the last decades due to climate change. They 
cause damage to different areas, including residents and 
their living environment, infrastructure, wildlife, the econ- 
omy, etc. Therefore, acquiring a better understanding of 
the genesis of such phenomena and their possible impacts is 
particularly important, as it can help not only reduce eco- 
nomic losses but also save lives ( Rutgersson et al., 2022 ; 
Zscheischler et al., 2020a ). Until the middle of the last 
decade, most research focused only on the impacts of in- 
dividual elements of the climate system and their potential 
alterations in a changing climate. However, in recent years, 
the most significant threats and damage have occurred 
when several physical processes interacted simultaneously, 
resulting in a compound climate event (CCE) ( Leonard 
et al., 2014 ; Ridder et al., 2020 ; Seneviratne et al., 
2012 ; Zscheischler et al., 2020a ). According to Zscheischler 
et al. (2018) , CCEs are defined as a combination of sev- 
eral processes or hazards that pose social or environmen- 
tal risks. Currently, CCEs are classified into four different 
groups: 1) preconditioned; 2) multivariate; 3) spatially com- 
pounding events; and 4) temporally compounding events 
( Zscheischler et al., 2020b ). Recently, a lot of attention has 
been paid to the events that belong to the second group, 
namely multivariate events. These are CCEs where several 
different recurring processes or phenomena, acting in the 
same geographical location, cause an impact ( Messori et al., 
2021 ; Zscheischler et al., 2020b ). Droughts and heatwaves, 
which are the focus of this study, are examples of such mul- 
tivariate CCEs as well. 

Although droughts and heatwaves cause significant dam- 
age when acting individually, during the first decades of this 
century, it was noted that their combined effect, defined 
as a compound drought and heatwave event (CDHE), often 
resulted in even greater harm. Furthermore, these com- 
pound events can have a negative impact even when the 
individual components, droughts and heatwaves, are not ex- 
treme and do not pose a significant threat ( Mazdiyasni and 
AghaKouchak, 2015 ). Indeed, CDHEs cause harm to various 
natural systems, water resources, and the economy, and 
can cause natural disasters, have a negative socio-economic 
impact, and pose a threat to human lives ( Bezak and 
Mikoš, 2020 ; Feng et al., 2020 ; Mukherjee and Mishra, 2020 ; 
Shi et al., 2021 ; Wang et al., 2022 ; Wu et al., 2019 ; Zhang 
et al., 2022 ). One of the main consequences of CDHEs is an 
increased risk of forest fires and tree mortality ( Gazol and 
Camarero, 2022 ; Markonis et al., 2021 ; Rutgersson et al., 
2022 ; Zscheischler et al., 2020a ). According to a study by 
Gazol and Camarero in 2022, 63% of tree mortality events in 
Europe between 1901 and 2018 were associated with these 
compound events. Another area affected by CDHEs is crop 
production and their yield ( He et al., 2022 ; Ribeiro et al., 
2020 ). It has been found that globally, during the period 
from 1981 to 2020, more than 92% of the areas where crops 
were grown were affected by at least one CDHE through the 
vegetation season. During this period, the areas affected by 
extreme CDHEs increased (from 62% to 75%) along with the 
likelihood of recurrence of such events (from 20% to 33%) 
( He et al., 2022 ). Compound droughts and heatwaves also 
have a negative impact on the carbon cycle. During the 2003 

drought and heatwave in Europe, gross primary productiv- 
ity in Europe decreased by 30%, leading to an anomalously 
strong flux of carbon dioxide into the atmosphere ( Ciais 
et al., 2005 ). 

The damage and negative impact caused by CDHEs have 
become an increasingly relevant topic in recent years, as it 
has been observed that such events are becoming more fre- 
quent in various regions of the world. From 2000 to 2016, 
the number of CDHEs in various parts of the planet had in- 
creased by 1—5 events per year ( Mukherjee et al., 2022 ). 
Another study found that from 1983 to 2016, the frequency 
(by 1—3 events per year), duration (by 2—10 days per year), 
and intensity of these compound events had increased in 
different areas of the planet. The most significant changes 
were recorded in the United States, the Amazon basin, 
Central and Northern Europe, Eastern and Central Asia, 
and Australia ( Mukherjee and Mishra, 2020 ; Ridder et al., 
2020 ). In various regions of Europe, the frequency and in- 
tensity of CDHEs have also increased since the mid-20th 

century ( Ionita and Nagavciuc, 2021b ). Such changes have 
been observed in Eastern Europe as well ( Vyshkvarkova and 
Sukhonos, 2022 ), with the greatest increases occurring in 
Central Europe and the Mediterranean region, where one- 
third of the most intense CDHEs were recorded between 
2000 and 2015 ( Ionita and Nagavciuc, 2021b ; Markonis et al., 
2021 ). In another study, the main hotspots of CDHEs on the 
continent were found to be in Northern and Eastern Europe, 
Western European regions, Italy, and the Balkan Peninsula 
( Bezak and Mikoš, 2020 ). The main causes of these changes, 
according to the latest IPCC report, are human influence 
and anthropogenic climate change ( Seneviratne et al., 
2021 ). 

However, despite the changing climate and an increasing 
interest in compound climate events at the global and Eu- 
ropean level, droughts and heatwaves in the eastern part 
of the Baltic Sea region have only been studied separately. 
The formation and recurrence of CDHEs in this area have 
not been analysed, making this study the first of its kind in 
the region. Therefore, the main goal of this study was to 
identify CDHEs in the eastern part of the Baltic Sea region 
during summers from 1950 to 2022 and assess the frequency 
and intensity of these events. To achieve this objective, the 
periods of droughts and heatwaves between 1950 and 2022 
were also determined, and the recurrence, extent, and in- 
tensity of these phenomena in the eastern part of the Baltic 
Sea region were evaluated. 

2. Data and methods 

2.1. Study area and data 

The eastern part of the Baltic Sea region was investigated in 
this study, encompassing the region from 53.5 ° to 60 ° N and 
from 20 ° to 28.5 ° E. This area covers the entire territory of 
Lithuania, Latvia, Estonia, the Kaliningrad region of Russia, 
the northern-eastern part of Poland, the western part of 
Russia, and the north-western part of Belarus ( Figure 1 ). 

According to the W. Köppen climate classification, whole 
study area belongs to the warm-summer humid continental 
climate ( Dfb ) type as the average air temperature during 
the coldest months of the year (December—February) falls 
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Figure 1 Map of the study area. Grey grid cells mark the ter- 
ritory analysed in this study. 

below 0 °C ( Peel et al., 2007 ). The highest average monthly 
temperature in the region is recorded in July and reaches 
17—18 °C. The annual precipitation in the eastern part of the 
Baltic Sea region is 550—900 mm, with the highest amount 
recorded in the western part of Lithuania. The most rainfall 
in the study area occurs in July and August, with an average 
of 70—90 mm per month. 

Daily data of maximum daily air temperature (Tmax ) and 
precipitation from 1950 to 2022 were used to identify and 
evaluate droughts, heatwaves, and CDHEs in the summer 
months in the eastern part of the Baltic Sea region. The 
data was obtained from the European Centre of Medium- 
range Weather Forecast ERA-5 reanalysis database. The grid 
size of the data was 0.25 × 0.25 °. In total, 668 land grid 
cells covered the study area. 

2.2. Evaluation of droughts 

The SPI (Standardized Precipitation Index) was used to iden- 
tify droughts during the study period ( McKee et al., 1993 ). 
Daily precipitation data were used to calculate this index. 
The main advantage of the SPI is that it is universal and can 
be successfully applied to any location in the world, due to 
the normalisation of the precipitation data sequence dur- 
ing its calculation ( Tsakiris and Vangelis, 2004 ; WMO, 2012) . 
Finally, because of its simple calculation mechanism and ap- 
plicability to various locations, the World Meteorological Or- 
ganisation (WMO) recommends using this index for drought 
identification and evaluation ( WMO, 2012 ). Another distinc- 
tive feature of the SPI is that it can be calculated at differ- 
ent time scales, from one to 48 months ( WMO, 2012 ). How- 
ever, in order to evaluate short-term changes, a 1-month 
time scale is typically used, as in other studies of droughts 
and CDHEs ( He et al., 2022 ; Kong et al., 2020 ; Sharma and 

Mujumdar, 2017 ; Shi et al., 2021 ). SPI values range from + 3 
to —3. If SPI > + 1, conditions are wet; when + 1 > SPI > 
—1, average moisture conditions are identified; SPI < —1 
represents dry conditions; and if SPI < —2, conditions are 
extremely dry ( McKee et al., 1993 ). 

In this study, 1-month SPI values were calculated for each 
day of the study period. Because 30 days of precipitation 
data are required to calculate the SPI values for June days, 
values of this meteorological variable for the months of May 
were also used. Droughts were distinguished if the SPI val- 
ues were lower than —1 for at least five or more consecutive 
days and this condition was met in at least one third of the 
study area during the maximum extent of the drought. The 
beginning of a drought was considered when SPI values were 
lower than —1 in more than 10% of the points of the study 
area, and the end of a drought was determined when this 
criterion was no longer met. Drought recurrence and du- 
ration changes during the summer months were evaluated 
from 1950 to 2022. The statistical significance of changes 
was evaluated by performing a Mann-Kendall test. These 
changes were considered statistically significant if p < 0.05. 
The intensity of each drought was determined by calculat- 
ing the median of the SPI values in the area affected by a 
drought. Then, during the maximum spread of each drought, 
the 5-day average of SPI medians was calculated and the 
Min-Max normalisation method was applied. 

2.3. Evaluation of heatwaves 

Summer daily maximum temperature data (Tmax ) were used 
to identify heatwaves For each summer day and each grid 
cell of interest, the 90th percentile of the daily maximum 
air temperature (T90 ) was calculated on a 5-day moving win- 
dow. A heatwave was identified if it was found that Tmax 
> T90 for at least five consecutive days and this condition 
was met for at least one-third of the study area. This crite- 
rion has been used in other studies ( Mazdiyasni and AghaK- 
ouchak, 2015 ; Sharma and Mujumdar, 2017 ) and the method 
of using the 90th percentile of daily maximum temperature 
is widely applied in identifying heatwaves in Europe ( García- 
León et al., 2021 ; Kim et al., 2018 ; Prodhomme et al., 2022 ; 
Rousi et al., 2022 ) and globally ( Mukherjee et al., 2020 ; 
Perkins-Kirkpatrick and Gibson, 2017 ; Ridder et al., 2020 ). 
Its main advantage is that the method is relative rather than 
absolute, so it can be successfully applied to any location at 
any time of the year ( Basarin et al., 2020 ; Ridder et al., 
2020 ). Calculations are usually performed using various 
moving averages (ranging from 3 to 31 days), but the most 
commonly used criterion is 15 days ( Geirinhas et al., 2021 ; 
Perkins-Kirkpatrick and Gibson, 2017 ; Sharma and Mujum- 
dar, 2017 ; Wang et al., 2022 ). However, there is no con- 
sensus on the number of days to be considered, which also 
depends on the duration of the period under investigation. 
Since only summer months (92 days) were analysed in this 
study, a 5-day moving average period, which has been used 
in other studies ( He et al., 2022 ), was chosen. 

In this study, the start date of a heatwave was defined 
as a day when a heatwave was recorded in at least 10% of 
the grid cells based on the 90th percentile criterion. The 
end date of a heatwave was defined as the last day when 
Tmax still satisfied this criterion. Changes in the frequency 
and duration of heatwaves during the study period were 
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Figure 2 a) Droughts and their duration in the eastern part of the Baltic Sea region from 1950 to 2022. Squares indicate the days 
when each drought affected the largest part of the study area. Black squares indicate droughts whose intensity, according to the 
normalised 5-day SPI median average values, was greater than 0.5, while green squares indicate droughts whose intensity was less 
than 0.5. The black triangle indicates the date when the most intense drought reached its maximum extent. b) The duration of 
droughts (in days) from 1950 to 2022. The orange colour indicates the first drought in the corresponding year, red indicates the 
second, and dark red indicates the third. 

assessed by evaluating the statistical significance of the 
observed changes. Heatwaves were also examined sepa- 
rately and assessed in each grid cell by evaluating the fre- 
quency of heatwave days and changes in the recurrence of 
this phenomenon over the period from 1950 to 2022. The 
intensity of the heatwaves was assessed by calculating the 
5-day median average during the maximum spread of each 
heatwave and normalising the obtained values using the 
Min-Max method — the same principle was used in drought 
analysis. 

2.4. Definition of CDHE 

In this study, CDHEs were identified when both droughts and 
heatwaves reached their maximum extent in at least one- 
third of the studied area at the same time. The beginning of 
such events was considered as the day when the coincidence 
of these phenomena was detected in at least one-tenth of 
the study area points. Each CDHE lasted until the number of 
such grid cells no longer exceeded one-tenth of all points. 
The duration of each identified CDHE, the date of its maxi- 
mum extent, and the percentage of the study area affected 
during that time were evaluated. The recurrence and dura- 
tion of such events in the study area were also determined. 
The intensity of a CDHE was determined using the Min-Max 
normalization method, and the statistical significance of the 
changes in CDHE cases at each study grid cell was assessed 
by performing the Mann-Kendall test (p < 0.05). 

3. Results 

3.1. Droughts 

Fifty-five droughts were identified in the eastern part of the 
Baltic Sea region during the period of 1950—2022 accord- 
ing to selected criteria ( Figure 2 a). The highest number of 
droughts (10) was identified during the period of 1970—1979 
while three separate drought events were detected in the 

summer of 1975 ( Figure 2 b). Later on, there was a decrease 
in the number of droughts in the region — only five of them 
were recorded in the 1990s, and no droughts were identi- 
fied in the study area between 1987 and 1991. Another pe- 
riod of increased drought reoccurrence was observed from 
1992 to 1999, during which eight droughts were identified. 
In particular, in 1992, the longest drought lasting through- 
out the entire summer (92 days) was recorded according to 
selected criteria ( Figure 2 a). Despite this, it was noted that 
the number and duration of droughts decreased over the en- 
tire study period of 1950—2022 ( Figure 2 b). However, these 
changes were not statistically significant (when p < 0.05). 

Two droughts that affected the majority of the study area 
were distinguished in 1955 (lasting from July 10th to August 
31st ) and 1994 (lasting from July 3rd to August 18th ). Both 
of these droughts covered the entire study area at their 
maximum spatial extent. According to the normalised val- 
ues of the 5-day median average, the most severe (intense) 
drought was the one that occurred at the end of the summer 
of 2015 ( Figure 2 a). 

The largest number of drought days ( > 140 per decade) 
was identified in the eastern part of the study region, while 
the lowest number of such days (around 100) was found in 
the southwestern part of the study area ( Figure 3 a). It was 
calculated that the number of drought days from 1950 to 
2022 had decreased in 89% of the study area’s grid cells. 
However, statistically significant changes (when p < 0.05) 
were only found at three points in Estonia. In the majority 
of the study area, although the changes were negative, they 
were close to zero. The number of days with droughts had 
slightly increased only in the central part of Latvia and the 
southeastern edge of the study area over the 73-year period 
( Figure 3 b). 

3.2. Heatwaves 

Thirty-seven heatwave events were identified in the east- 
ern part of the Baltic Sea region from 1950 to 2022. Re- 
markably, heatwaves have become increasingly frequent in 
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Figure 3 The number of drought days per decade in the study area (a) and the change in the number of drought days from 1950 
to 2022 in each grid cell (b). Black dots indicate grid cells where the changes were statistically significant ( p < 0.05). 

Figure 4 a) Heatwaves and their duration in the eastern part of the Baltic Sea region from 1950 to 2022. Squares indicate the 
days when each heatwave affected the largest part of the study area. Black squares indicate heatwaves whose intensity, according 
to the normalised 5-day SPI median average values, was greater than 0.5, while green squares indicate heatwaves whose intensity 
was less than 0.5. The black triangle indicates the date when the most intense heatwave reached its maximum extent. b) The 
duration of heatwaves (in days) from 1950 to 2022. The orange colour indicates the first heatwave in the corresponding year, red 
indicates the second, and dark red indicates the third. 

recent decades. These phenomena were not identified be- 
tween 1978 and 1993, whereas in the past 13 years (from 
2010 to 2022), as many as 16 heatwaves have been distin- 
guished ( Figure 4 a). The longest heatwave was identified in 
the summer of 2014. It lasted for 17 days (from July 23rd 

to August 8th ). More heatwaves were observed in the sec- 
ond half of the summer ( Figure 4 a). It was also found that 
during the summers of 2010, 2019, and 2022, three heat- 
waves were recorded in the eastern part of the Baltic Sea 
region, whereas no such cases were identified prior to 2010. 
When assessing the changes in the frequency and duration 
of heatwaves from 1950 to 2022, our analyses showed that 
the number of days when a heatwave was identified in the 
entire study area during the summer season exhibited sta- 
tistically significant increase ( Figure 4 b). 

The heatwave which covered the highest number of grid 
cells during its maximum extent date occurred in 2021. On 

its peak day, June 19th , it covered the entire study area. The 
2014 and 2006 heatwaves also covered almost the entire 
study area at their peak, with the 2014 heatwave reaching 
99.85% of the study area on July 29th and the 2006 heatwave 
reaching 99.55% of the area on July 7th . The most severe 
heatwave was also identified in the 21st century, in 2010 
( Figure 4 a). Finally, it should be noted that of the ten most 
intense heatwaves, nine were recorded during the period 
from 2002 to 2022 ( Figure 4 a). 

The highest number of heatwave days, when consider- 
ing their occurrence in separate grid cells in the study area, 
was found in the northern part of the study area in Estonia. 
Here, the number of such cases in some places exceeded 
40 per decade. The lowest number of heatwave days oc- 
curred in the southern and southwestern parts of the anal- 
ysed area, where the number of such days per decade was 
just over 20 ( Figure 5 a). It was also found that the number 
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Figure 5 Heatwave days per decade in different points of the eastern part of the Baltic Sea region (a) and the change in the 
number of heatwave days from 1950 to 2022 in each point of the study area (b). Blue dots indicate those points where the changes 
were statistically insignificant (when p > 0.05). 

Figure 6 a) Compound drought and heatwave events (CDHE) over 1950—2022 and their duration in the eastern part of the Baltic 
Sea region. Black dots mark the days when the corresponding CDHE covered the largest part of the studied area. b) The intensity 
of each CDHE obtained by calculating the normalised SPI and Tmax — T90 values. 1994-1 indicates the first CDHE of that year, and 
1994-2 indicates the second one. 

of heatwave days from 1950 to 2022 increased throughout 
the whole eastern part of the Baltic Sea region, and this 
change was not statistically significant (when p < 0.05) in 
only two grid cells located in western Latvia. The greatest 
increase in the number of heatwave days over 73 years was 
found in coastal regions ( Figure 5 b). 

3.3. Compound drought and heatwave events

A total of ten CDHEs (periods when a compound event was 
recorded in more than a third of the study area during its 
largest extent) were identified in the eastern part of the 
Baltic Sea region during the summer months of 1950—2022 
( Figure 6 a). The majority of these were recorded in the sec- 
ond half of summer, with only one CDHE identified in June 
(in 1999, from June 11th to 20th ). Most of CDHEs (half of all 
cases) were recorded in the 1990s, specifically from 1994 
to 1999. The year 1994 was the only year when two CD- 

HEs were identified during the summer. The second com- 
plex event in that year was the longest of all CDHEs iden- 
tified in this study, lasting for 15 days (from July 24th to 
August 7th ) ( Figure 6 a). This event also covered the largest 
part of the study area (94.2%) and was the most intense 
( Figure 6 b). When considering the intensity of the CDHEs, 
the one recorded in 2002 also stood out among all com- 
pound events. In fact, it was accompanied by the most in- 
tense drought (among those that coincided with heatwaves 
in at least a third of the study area points). However, the 
heatwave was weak, which resulted in a lower intensity of 
this CDHE compared to the second CDHE in 1994 ( Figure 6 b). 

During the analysis of individual grid cells within the 
study area, the largest number of CDHEs (when droughts and 
heatwaves coincided only in individual points) during the 
summer months of 1950—2022 was identified in the eastern 
and southeastern parts of the study area, which were char- 
acterised by a high number of droughts. In these areas, the 
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Figure 7 Number of compound drought and heatwave events (CDHE) per decade in different points of the eastern part of the 
Baltic Sea region (a) and changes in the number of CDHE cases from 1950 to 2022 in each point of the study area (b). Black dots 
indicate those grid points where the changes were statistically significant (when p < 0.05). 

number of CDHE days in individual grid cells over the en- 
tire study period exceeded 240 (more than 33 per decade). 
However, the largest number of CDHEs was recorded on 
Muhu Island, which belongs to Estonia, where 261 CDHE days 
were identified from 1950 to 2022 ( Figure 7 a). 

An analysis of the variability of CDHEs in individual points 
over the entire study period showed that such events were 
occurring more frequently in a large part of the study area. 
However, this change was statistically significant (p < 0.05) 
in only 1.6% of the entire study area (11 grid cells), and most 
of the points showing such changes are located along the 
coast of the Gulf of Riga ( Figure 7 b). Meanwhile, decreasing 
tendencies in the occurrence of CDHEs were observed in the 
northeast-eastern and southwestern parts of the study area. 
This was primarily due to less frequent droughts occurring 
in these regions ( Figure 4 b). However, the changes in this 
case were small and statistically insignificant. 

4. Discussion 

The main factor determining the decrease in the number of 
droughts since the mid-20th century in this and other studies 
( Jaagus and Aasa, 2018 ; Jaagus et al., 2022 ; Rimkus et al., 
2013 ; Valiukas, 2015 ) was an increased amount of rainfall. 
However, in most cases, the changes are small and statisti- 
cally insignificant. The greatest (and statistically significant) 
decrease in the number of drought days was observed in the 
northern part of the study area (Estonia), where a statisti- 
cally significant increase in rainfall has been recorded since 
the mid-20th century ( Jaagus and Aasa, 2018 ). Although the 
number of droughts has not changed significantly in various 
parts of the Baltic Sea region over the past few decades, 
their intensity has been increasing, and they have been be- 
coming more extreme ( Somorowska, 2016 ; Valiukas, 2015 ). 
This study confirmed these trends, with eight out of the 
ten of the most intense droughts identified in 1994 or later, 
and the most intense drought occurring in August 2015. It 
is predicted that in the future, due to a rapidly changing 

climate, the unevenness of rainfall distribution will further 
increase and temperatures will rise, leading to more intense 
droughts in the eastern Baltic Sea region as well as various 
regions of the world ( Keršytė et al., 2015 ; Rimkus et al., 
2020 ; Seneviratne et al., 2021 ). 

In contrast to droughts, the number and duration of heat- 
waves increased in the eastern Baltic Sea region during the 
period from 1950 to 2022. Changes were statistically sig- 
nificant in almost the entire study area. Such trends have 
been observed in various parts of the world, including the 
eastern part of the Baltic Sea region ( Awasthi et al., 2022 ; 
BACC II, 2015 ; Basarin et al., 2020 ; Seneviratne et al., 2021 ; 
Suursaar, 2022 ; Yoon et al., 2020 ). The main explanation for 
this is an increasing maximum daily temperature caused by 
climate change. 

The highest number of heatwave days was identified in 
the northern part of the study area, which may be related to 
the 90th percentile method used to determine them. In the 
northern part of the study area (Estonia), the T90 values on 
a corresponding summer day during the study period were 
generally lower than in the areas further south. Therefore, 
when a heatwave formed and the temperature was simi- 
lar throughout the study area, the T90 was often exceeded 
on more days at higher latitudes than in the southern part 
of the study area. The largest increase in the number of 
heatwave days since the mid-20th century was observed in 
coastal territories and the Muhu and Sarema islands. 

It has been noted that the number and extremeness (the 
maximum area covered and intensity) of heatwave days had 
both increased during the study period. This was also a con- 
sequence of a warming climate. Similar trends have been 
observed in Poland when studying heatwaves — 11 heat- 
waves have been recorded since 1980, covering more than 
a quarter of the country’s territory and lasting for at least 
a week. However, only one such event had been recorded 
prior to 1990, and more than half have occurred in the 
last decade ( Wibig, 2021 ). The longest heatwaves in Poland 
were recorded in 1994 and 2015 ( Tomczyk et al., 2020 ; 
Wibig, 2017 ). 
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All the characteristics defining the aforementioned heat- 
waves (number of heatwave days, intensity, covered area) 
are expected to increase in the future ( Basarin et al., 2020 ; 
Rutgersson et al., 2022 ; Seneviratne et al., 2021 ). It has 
been determined that the number of heatwave days will in- 
crease by 4—34 days per season for each degree Celsius of 
global warming, depending on the region. The duration of 
heatwaves is expected to increase by 2—10 days/ °C, with 
the greatest changes predicted to occur at lower latitudes 
( Perkins-Kirkpatrick and Gibson, 2017 ). These changes will 
also increase the damage caused by heatwaves. If adapta- 
tion and mitigation measures are not taken, it is likely that 
their impact in Europe could increase by a factor of five 
by 2060, compared to the historical period of 1981—2010 
( García-León et al., 2021 ); in some areas of the Baltic Sea 
region, the risk of heatwaves may double by the end of this 
century ( Rutgersson et al., 2022 ). 

When evaluating the recurrence of CDHEs in the east- 
ern part of the Baltic Sea region, it was observed that the 
vast majority of these (8 out of 10 events) were recorded 
from 1994 onwards. When assessing changes of CDHEs in 
individual grid cells, it was also found that the CDHE fre- 
quency increased in 73% of these cells during the 1950—2022 
period. Similar results, indicating an increasingly frequent 
recurrence of CDHEs, have been obtained through studies 
of such events in various regions of the world and Europe 
( Bezak and Mikoš, 2020 ; Geirinhas et al., 2021 ; Kong et al., 
2020 ; Mazdiyasni and AghaKouchak, 2015 ; Sedlmeier et al., 
2018 ; Shi et al., 2021 ). However, during this study, a statis- 
tically significant increase in the occurrence of CDHEs was 
found in a very small area due to the decreasing frequency 
of droughts. 

The majority of CDHEs occurred during the second half 
of the summers, which was closely related to the occur- 
rences of heatwaves during the summers. The distribution 
of CDHEs in different points of the studied territory largely 
coincided with the distribution of dry days — in both cases, 
the most frequent occurrences of droughts and CDHEs were 
identified in the eastern and southeastern parts of the study 
area, as well as in the northwestern part of Latvia and on 
the islands of Muhu and Saaremaa. The most exceptional 
CDHE occurred between July 24 and August 7, 1994. This 
was the longest-lasting and the most intense event, cov- 
ering the largest part of the studied territory at its max- 
imum extent. This was also the only case when a CDHE 
was identified twice during the same summer (1994), which 
could have contributed to the extremeness of this complex 
event. 

It is predicted that in the future, with ongoing climate 
change and increasing global mean temperatures, CDHEs 
will occur more frequently and an increase in intensity 
and duration will also be expected ( Seneviratne et al., 
2021 ). It has been calculated that with every degree Celsius 
of global warming, the duration of these complex events 
will increase by an average of ten days ( Zhang et al., 
2022 ). The frequency and occurrence of CDHEs in Europe 
will also increase in the future ( Mukherjee et al., 2022 ; 
Sedlmeier et al., 2018 ), leading to a growing probability of 
negative impacts and damages. The forestry sector will be 
most affected, with an increased risk of forest fires and tree 
mortality ( Feng et al., 2020 ; Gazol and Camarero, 2022 ; 
Seneviratne et al., 2021 ). 

Atmospheric processes and their dynamics play a signifi- 
cant role in the formation of both droughts, heatwaves, and 
CDHE. One notable process is the prevalence of anticyclonic 
circulation and atmospheric blocking ( Ionita et al., 2021a ; 
Liu et al., 2020 ; Sousa et al., 2018 ; Spensberger et al., 
2020 ). It has been observed that drought formation in the 
Baltic countries is almost always influenced by strong an- 
ticyclonic circulation ( Rimkus et al., 2014 ). Similar ten- 
dencies were identified when studying the drought that 
affected Poland during the summer of 2019 ( Ziernicka- 
Wojtaszek, 2021 ). Furthermore, it was determined that 
60% of heatwaves in Central Europe during the period of 
2001—2011 coincided with the formation of blocking sys- 
tems ( Porebska and Zdunek, 2013 ). However, statistically 
significant changes in the recurrence of such systems in the 
Northern Hemisphere from 1901 to 2010 have not been de- 
tected. Nevertheless, it has been observed that the dura- 
tion of blocking systems is becoming longer ( Wazneh et al., 
2021 ). 

The formation of droughts and/or heatwaves is also in- 
fluenced by large-scale atmospheric circulation, not just lo- 
cal atmospheric processes. When studying the recurrence of 
heatwaves in Poland, it has been observed that several syn- 
optic features play a role in their formation. These include 
a strong Azores high-pressure system, higher-than-usual at- 
mospheric pressure over Central Europe, resulting in calm 
and sunny weather, and a strong blocking system over the 
North Atlantic ( Wibig, 2017 ). 

Finally, several aspects must be considered in further re- 
search. First, an important aspect that can influence the 
accuracy and reliability of obtained results and trends is 
the uncertainties and biases of the data obtained from the 
ERA5 database. ERA5 uses a 10-member ensemble that pro- 
vides uncertainty information. However, in this case, one of 
the problems encountered is the lack of small-scale vari- 
ability in ensemble members, and the model itself tends 
to have overconfidence in the uncertainty characterization 
( Bandhauer et al., 2022 ). This is because the perturba- 
tions are oriented towards large-scale dynamic variables 
( Hersbach et al., 2020 ). 

However, the inaccuracies of ERA5 reanalysis data are 
mostly encountered in mountainous regions (e.g., in the 
Alps) or continents other than Europe ( Bell et al., 2021 ; 
Hersbach et al., 2020 ; Lavers et al., 2022 ; Velikou et al., 
2022 ). Only a few issues were found while analysing the per- 
formance of ERA5 in mid-latitudes. During the evaluation 
of extremely high temperature (above 95th percentile), it 
was observed that ERA5 tends to overestimate values of this 
variable, but the differences compared to observations are 
not statistically significant ( Velikou et al., 2022 ). It was also 
found that random errors of precipitation data increase dur- 
ing the summer in mid-latitudes ( Lavers et al., 2022 ). How- 
ever, in more than 90% of cases, the variability of monthly 
precipitation values in Europe coincides with observations 
( Bell et al., 2021 ). Therefore, despite the shortcomings, 
ERA5 precipitation and temperature data are sufficiently ac- 
curate to use in mid-latitudes in Europe ( Bandhauer et al., 
2022; Lavers et al., 2022 ; Nogueira, 2020 ; Velikou et al., 
2022 ). 

Also, when evaluating long-term trends, it is important 
to emphasize that the accuracy of ERA5, like any other re- 
analysis data, decreases and errors increase going further 
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back in time. The reason for this is simple — a significantly 
smaller number of observations were available at the be- 
ginning of the period (1950’s) compared to the past decades 
( Bell et al., 2021 ). Additionally, the number of satellite ob- 
servations and their quality increased rapidly, which also 
plays a significant role in the accuracy of the obtained data 
( ECMWF, 2023 ). 

The choice of the index used to identify droughts is also 
crucial. Although the SPI which was used in this study was 
suitable for assessing droughts in the study region, it has 
several limitations. The main one is that it only consid- 
ers precipitation and does not take into account the ef- 
fect of temperature on drought formation. As the climate 
changes and mean temperature rapidly increase, the latter 
factor will become crucial in accurately identifying droughts 
( Vicente-Serrano et al., 2010 ; WMO, 2012) . It is also impor- 
tant to investigate the processes that lead to the formation 
of CDHEs in the eastern part of the Baltic Sea region and to 
evaluate the possible changes in CDHE characteristics in the 
future. This would help develop more effective adaptation 
and mitigation strategies and thus minimise the risks posed 
by CDHEs ( Bezak and Mikoš, 2020 ; Mazdiyasni and AghaK- 
ouchak, 2015 ; Sedlmeier et al., 2018 ). 

5. Conclusions 

A decrease in the number of drought days was observed 
from 1950 to 2022 in most of the eastern part of the Baltic 
Sea region (89%). However, almost all these changes were 
statistically insignificant. Only a slight increase in the num- 
ber of drought days was identified in the central part of 
Latvia and the southeastern outskirts of the study area. 
In contrast to droughts, the number and duration of heat- 
waves, have increased in the entire research area. The ob- 
tained changes were statistically significant in 99.7% of the 
study area. The extremeness of heatwaves (intensity and 
the area covered during their maximum extent) has also in- 
creased in the region due to rising temperatures caused by 
changing climate. The largest number of heatwave days was 
identified in the northern part of the study region and on 
the coast of the Baltic Sea. Ten CDHEs were identified in 
the eastern part of the Baltic Sea region, with eight of them 
recorded in 1994 or later. Moreover, an increase in the num- 
ber of CDHEs was observed in 73% of the study area, but sta- 
tistically significant changes were only found in 1.9% of the 
region. The largest positive changes were found in coastal 
regions, as well as in the northeastern part of Lithuania. 
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menova, I., Stonevičius, E., Štepánek, P., Trnka, M., Vicente- 
Serrano, S.M., Wibig, J., Zahradníček, P., 2022. Long-term 
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Keršytė, D., Rimkus, E., Kažys, J., 2015. Klimato rodikli ų scenarijai 
Lietuvos teritorijoje XXI a. Geologija. Geografija 1 (1), 22—35. 
https://doi.org/10.6001/geol-geogr.v1i1.3069 

Kim, S., Sinclair, V.A., Räisänena, J., Ruuhelac, R., 2018. Heat 
waves in Finland: Present and projected summertime extreme 
temperatures and their associated circulation patterns. Int. J. 
Climatol. 38 (3), 1393—1408. https://doi.org/10.1002/joc.5253 

Kong, Q., Guerreiro, S.B., Blenkinsop, S., Li, X.F., Fowler, H.J., 
2020. Increases in summertime concurrent drought and heat- 
wave in Eastern China. Weather Clim. Extremes 28, 100242. 
https://doi.org/10.1016/j.wace.2019.100242 

Lavers, D.A., Simmons, A., Vamborg, F., Rodwell, M.J., 2022. An 
evaluation of ERA5 precipitation for climate monitoring. Q. J. 
R. Meteorol. 148 (748), 3152—3165. https://doi.org/10.1002/
qj.4351

Leonard, M., Westra, S., Phatak, A., Lambert, M., van den Hurk, B., 
Mcinnes, K., Risbey, J., Schuster, S., Jakob, D., Stafford- 
Smith, M., 2014. A compound event framework for understand- 
ing extreme impacts. WIREs Clim. Change 5 (1), 113—128. 
https://doi.org/10.1002/wcc.252 

Liu, X., He, B., Guo, L., Huang, L., Chen, D., 2020. Similarities and 
Differences in the Mechanisms Causing the European Summer 
Heatwaves in 2003, 2010, and 2018. Earth’s Future 8 (4), 1—11. 
https://doi.org/10.1029/2019EF001386 

Markonis, Y., Kumar, R., Hanel, M., Rakovec, O., Máca, P., 
Kouchak, A.A., 2021. The rise of compound warm-season 
droughts in Europe. Sci. Adv. 7 (6), 1—8. https://doi.org/10. 
1126/sciadv.abb9668 

Mazdiyasni, O., AghaKouchak, A., 2015. Substantial increase in con- 
current droughts and heatwaves in the United States. PNAS 112 
(37), 11484—11489. https://doi.org/10.1073/pnas.1422945112 

McKee, T.B. , Doesken, N.J. , Kleist, J. , 1993. The Relationship of 
Drought Frequency and Duration to Time Scales. In: Proceedings 
of the 8th Conference on Applied Climatology, 17—22 January 
1993, Anaheim, CA . 

Messori, G., Bevacqua, E., Caballero, R., Coumou, D., De Luca, P., 
Faranda, D., Kornhuber, K., Martius, O., Pons, F., Raymond, C., 
Ye, K., Yiou, P., Zscheischler, J., 2021. Compound climate events 
and extremes in the midlatitudes: Dynamics, simulation, and 
statistical characterization. Bull. Am. Meteorol. Soc. 102 (4), 
774—781. https://doi.org/10.1175/BAMS- D- 20- 0289.1 

Mukherjee, S., Ashfaq, M., Mishra, A.K., 2020. Compound Drought 
and Heatwaves at a Global Scale: The Role of Natural Climate 
Variability-Associated Synoptic Patterns and Land-Surface En- 
ergy Budget Anomalies. J. Geophys. Res.: Atmos. 125 (11), 0—
19. https://doi.org/10.1029/2019JD031943

Mukherjee, S., Mishra, A.K., 2020. Increase in Compound Drought 
and Heatwaves in a Warming World. Geophys. Res. Lett. 48 (1), 
1—13. https://doi.org/10.1029/2020GL090617 

Mukherjee, S., Mishra, A.K., Ashfaq, M., Kao, S.C., 2022. Relative 
effect of anthropogenic warming and natural climate variability 
to changes in Compound drought and heatwaves. J. Hydrol. 605 
(September 2021), 127396. https://doi.org/10.1016/j.jhydrol. 
2021.127396 

Nogueira, M., 2020. Inter-comparison of ERA-5, ERA-interim and 
GPCP rainfall over the last 40 years: Process-based analysis of 
systematic and random differences. J. Hydrol. 583 (January), 
124632. https://doi.org/10.1016/j.jhydrol.2020.124632 

Peel, M.C., Finlayson, B.L., McMahon, T.A., 2007. Updated 
world map of the Köppen-Geiger climate classification. Hy- 
drol. Earth Syst. Sc. 11, 1633—1644. https://doi.org/10.5194/ 
hess- 11- 1633- 2007 

Perkins-Kirkpatrick, S.E., Gibson, P.B., 2017. Changes in regional 
heatwave characteristics as a function of increasing global 
temperature. Sci. Rep. 7 (1), 1—12. https://doi.org/10.1038/ 
s41598- 017- 12520- 2 

Porebska, M., Zdunek, M., 2013. Analysis of extreme temperature 
events in central Europe related to high pressure blocking situ- 
ations in 2001-2011. Meteorol. Z. 22 (5), 533—540. https://doi. 
org/10.1127/0941-2948/2013/0455 

Prodhomme, C., Materia, S., Ardilouze, C., White, R.H., Batté, L., 
Guemas, V., Fragkoulidis, G., García-Serrano, J., 2022. Seasonal 
prediction of European summer heatwaves. Clim. Dynam. 58 (7—
8), 2149—2166. https://doi.org/10.1007/s00382- 021- 05828- 3 

Ribeiro, A.F.S, Russo, A., Gouveia, C.M., Páscoa, P., Zscheischler, J., 
2020. Risk of crop failure due to compound dry and hot extremes 
estimated with nested copulas. Biogeosciences 17 (19), 4815—
4830. https://doi.org/10.5194/bg- 17- 4815- 2020 

Ridder, N.N., Pitman, A.J., Westra, S., Ukkola, A., Hong, X.Do, 
Bador, M., Hirsch, A.L., Evans, J.P., Di Luca, A., Zscheis- 
chler, J., 2020. Global hotspots for the occurrence of compound 
events. Nat. Commun. 11 (1), 1—10. https://doi.org/10.1038/ 
s41467- 020- 19639- 3 

Rimkus, E., Kažys, J., Valiukas, D., Stankūnavičius, G., 2014. The 
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This risk arises because warmer winters cause the trees to 
bloom earlier increasing their exposure to frost days after the 
blossom, which counteracts the effect of a general decline in 
the number of frost days (Zscheischler et al. 2020). Temper-
ate plants are the ones particularly at risk of being exposed 
to such late spring freezes and the occurrence of them in 
spring after the growing season has already started is known 
as a false spring event (Chamberlain et al. 2019; Ma et al. 
2019; Zscheischler et al. 2020). These events occur when 
unseasonably warm weather at the end of winter or the start 
of spring in mid-latitudes prompts an unusually early onset 
of the growing season. This early onset is followed by a cold 
spell, often due to arctic air moving in from the north, result-
ing in frost. Since the growing season has already started, 
the frost causes more significant damage to plants than it 
would if the warm spell had not occurred, and the spring 
had remained consistently cold (Gu et al. 2008; Vitasse and 
Rebetez 2018; Zscheischler et al. 2020).

False spring events can lead to significant economic 
losses and negative ecological consequences and affect the 
vital functions of plants and animals, reducing the over-
all productivity of forest ecosystems and decreasing crop 
yields (Chamberlain et al. 2019; Liu et al. 2018; Ma et al. 
2019; Unterberger et al. 2018; Zohner et al. 2020b). The 
damage is particularly severe if these events occur after the 

1 Introduction

Since 1982, the average global annual air temperature 
has increased by 0.2 °C per decade, with 2023 being the 
warmest year on record since the start of instrumental mea-
surements (Lindsey and Dahlman 2024). In Europe, from 
1985 to 2020, the fastest rise in air temperature (at a rate 
of 0.061 °C per year) was recorded in spring, with the most 
significant changes occurring in the northeastern part of the 
continent (Twardosz et al. 2021). These changes can have 
effects on vegetation, such as an earlier start of the growing 
season, lengthening its duration and in some cases increas-
ing the productivity of plants and harvest efficiency (Ceglar 
et al. 2019; Liu et al. 2018; Peterson and Abatzoglou 2014; 
Wypych et al. 2017).

However, the impact of rising temperatures is only 
partially positive. For example, a warming of 2 °C might 
increase the risk of frost damage to apple trees in Germany 
by 10% relative to the present day (Pfleiderer et al. 2019). 
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Abstract
Spring frosts can cause substantial economic and ecological damage, especially when occurring after the growing season 
has begun and leading to compound climate events, known as false spring (FS) events. This study examines the recur-
rence, spatial distribution and intensity of FS events in the eastern part of the Baltic Sea region from 1950 to 2022. These 
events were identified by determining the dates of the last spring frost (LSF) and the start of the growing season (SGS) 
for each grid cell annually. FS events were distinguished when the LSF date occurred later than the date of the SGS. The 
sum of growing degree days (tbase = 5 °C), accumulated until the event, and the minimum air temperature (tmin) during 
the day of the FS event were used to assess the intensity of FS events. Throughout the study period, LSF and SGS dates 
shifted earlier by an average of 6.3 and 10.6 days, respectively. In 85.9% of the grid cells, the SGS date changed more 
rapidly than the LSF date. Although the number of FS events increased over the 73 years in most of the study area, no 
significant changes were observed according to the Mann–Kendall test. However, comparing 1950–1969 and 2003–2022, 
85.9% of grid cells saw more FS events, with the largest increase in the eastern part of the study area and southwestern 
Lithuania. Significant changes were determined in 30% of cells according to the t-test.
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budburst and during the flowering period of various plants, 
especially fruit trees (Faust and Herbold 2018; Rodrigo 
2000). Even a mild frost, with temperatures dropping just 
one or two degrees below zero, can cause significant dam-
age to plants (Vitasse and Rebetez 2018). Thus, the negative 
impact of false spring events can surpass the benefits of a 
warmer climate and an extended growing season (Ceglar et 
al. 2019; Liu et al. 2018).

It has been found that late spring frosts in North America 
and Europe cause more economic damage to agriculture 
than other climate-related hazards (Lamichhane 2021). For 
example, a false spring event in early 2010 in the north-
eastern United States caused significant damage to maples 
and reduced ecosystem productivity by 7–14% (Hufkens et 
al. 2012; Zscheischler et al. 2020). In 2021, about 80% of 
France’s grape and fruit tree regions were affected by the 
false spring event (Lamichhane 2021), while in 2017, such 
an event in Europe caused damage to fruit trees and vine-
yards amounting to 3.3 billion EUR (Faust and Herbold 
2018; Zscheischler et al. 2020). All these impacts also have 
secondary adverse effects: threatening the survival of vari-
ous animals, food security, and disrupting carbon dioxide 
absorption. Furthermore, numerous methods (burning solid 
and liquid fuels, lighting fires in vineyards and orchards) are 
used to reduce the potential risk of such late frosts and false 
spring events, which can increase air and environmental 
pollution (Anandhi 2016; Chamberlain et al. 2019; Lamich-
hane 2021).

False spring events also negatively impact the competi-
tiveness of various plants and affect their distribution ranges 
(Chamberlain et al. 2019; Lamichhane 2021; Wypych et 
al. 2017). In spring, different plant species do not unfold 
their leaves at the same time, and each species has its frost 
resistance threshold. Thus, the impact of late spring frosts is 
distinct for each species (Potter and Cate 1999). The extent 
of damage caused by frost is also influenced by regional cli-
mate differences and geographical location (Chamberlain et 
al. 2019; Peterson and Abatzoglou 2014). In recent decades, 
the number of late spring frosts has mostly increased in 
regions where this risk was previously low, such as coastal 
areas of Europe, the eastern part of Europe, and East Asia. 
The local tree species in these areas are not highly resis-
tant to negative temperatures, so the negative impact of 
false spring events in the future may increase (Zohner et al. 
2020a).

It is predicted that in the future, fruit trees will bloom 
earlier due to the warming climate, while the risk of false 
spring events will persist and may even increase (Hufkens et 
al. 2012; Unterberger et al. 2018), thus increasing the focus 
on studying such events. However, most studies conducted 
in the eastern part of the Baltic Sea region have focused only 
on the changes in various indicators of the growing season 

(e.g. start date, duration) (Kalvāne et al. 2009; Mačiulytė 
and Stankūnavičius 2020) and thermal resources during the 
growing season (Radzka 2021). The resistance of various 
fruit trees, bushes, and crops to frost and its damage has also 
been analysed (Grāvīte 2022; Sepp et al. 2022). Nonethe-
less, false spring events have been little studied in the Baltic 
States.

The aim of this study is to evaluate the recurrence, spa-
tial distribution, and intensity of false spring (FS) events 
in the eastern Baltic Sea region and long-term changes in 
these indicators from 1950 to 2022. In the first part of the 
research, the spatial distribution and changes of dates of the 
start of the growing season (SGS) and the last spring frost 
(LSF) from 1950 to 2022 were analysed. The second part 
discusses the trends of FS events over the 73 years. Finally, 
the last part focuses on assessing the intensity of FS events.

2 Data and methods

2.1 Study area

The study area covers the eastern part of the Baltic Sea 
region, spanning from 53.5° to 59.5° N and from 20.0° to 
28.5° E (Fig. 1). This region includes all three Baltic coun-
tries (Lithuania, Latvia, and Estonia), as well as small parts 
of Poland, Russia, and Belarus. According to the updated 
Köppen–Geiger climate classification, this area falls under 
the Dfb climate type (Beck et al. 2018; Peel et al. 2007).

The average annual air temperature in the eastern part 
of the Baltic Sea region from 1950 to 2022 was 6.4 °C 
and an increase of 0.23 °C per decade was found over the 
study period. The average air temperature in the analysed 
region during spring (March to May) was 5.6 °C. The south-
ern part of the study area was characterised by the highest 
average spring air temperature while the lowest values of 
this variable were found in the northern part (Fig. 1). The 
average spring air temperature has also increased over the 
study period. This change averaged 0.29 °C per decade and 
was statistically significant across the entire territory (when 
p < 0.05), with the greatest changes along the Baltic Sea 
coast in western Lithuania and in the northern part of the 
study area, reaching 0.33–0.35 °C.

Specific territorial climate differences are influenced by 
latitude, terrain, and proximity to the Baltic Sea. The influ-
ence of the distance from the sea is particularly noticeable 
at the beginning of spring and end of spring–early summer 
The average air temperature in early spring (March) over 
the study period ranges from 1.7 °C at the western edge of 
the study area to − 2.5 °C in the northeast. In April, lati-
tudinal temperature distribution becomes more pronounced 
(from 3.5 °C in the north to 7.4 °C in the southern part of the 
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study area). At the end of spring (May) and the beginning 
of summer, in the first ten days of June, the cooling effect 
of the Baltic Sea is evident. The average air temperature of 
May ranges from 8.5 to 9.0 °C in coastal areas of Estonia 
to 13.0–13.2 °C in the southern part of the region while the 
average air temperature of the first ten days of June over 
the study period varies from 11.5 to 13.0 °C in the coastal 
regions to 16.0–16.2 °C in the southern and southeastern 
parts of the study area. From March to June, episodes of 
cold arctic air advection are typical in the eastern part of 
the Baltic Sea region, creating favourable conditions for late 
frosts and FS events.

The highest point in the study area is situated in the 
southeastern part of the research area (355 m a.s.l.) (Fig. 1). 
The terrain influences the distribution of average March–
June air temperature. In higher elevations, air temperature is 
approximately 0.5–1 °C lower than in the surrounding areas.

2.2 Data

To assess the frequency and severity of FS events, reanaly-
sis data covering February to June from 1950 to 2022 were 
analysed. Daily minimum (tmin) and average air temperature 
data were downloaded from the ERA-5 database using the 

KNMI Climate Explorer web application (https://climexp.
knmi.nl/start.cgi) with a spatial resolution of 0.25 × 0.25°. 
Using the land mask provided by this application only grid 
cells where over 50% of the area is land were extracted.

The ERA-5 database was chosen for its long data avail-
ability period and sufficient temporal and spatial resolution. 
A comparison of different reanalysis datasets with meteo-
rological station data indicated that ERA-5 is the most 
accurate in 50% of cases. Additionally, in 75% of cases, it 
is one of the two most precise reanalysis datasets (Horton 
2022). A comparison between ERA-5 and climatological 
data obtained from meteorological stations shows that the 
data of this reanalysis are accurate, reliable, and suitable for 
various scientific studies in Europe (Bell et al. 2021). How-
ever, it is essential to note that the accuracy of reanalysis 
data varies slightly during the study period. Data for some 
variables, including air temperature, are more accurate in 
the second half of the research period (since the last decade 
of the 20th century). This is due to an increase in the number 
of observational inputs from meteorological stations used in 
reanalysis, leading to reduced ensemble spread and uncer-
tainties. Additionally, the accuracy of the data was enhanced 
by incorporating meteorological satellite information (Bell 
et al. 2021; ECMWF 2024).

Fig. 1 The study area, its topography and isotherms of the average spring (March–May) air temperature over the study period of 1950–2022
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calculating GDD exist, but in this study, we used the most 
commonly taken approach (Eq. 1).

GDD = tavg − tbase  (1)

where tavg – represents the average daily air temperature at 
each specific point within the study area, tbase – threshold 
temperature. If on a given day at a particular grid point tavg 
< tbase, it is considered that tavg = tbase (McMaster and Wil-
helm 1997).

In this study, tbase = 5 °C was used. Ruosteenoja et al. 
(2016) found that the colder the climate, the closer the 
beginning of the growing season is to the temperature tran-
sition of 5 °C. Therefore, this threshold temperature should 
be applied when calculating GDD in colder climate zones. 
The 5 °C threshold temperature was also considered as the 
temperature marking the start of the growing season in other 
studies (Koźmiński et al. 2023; Sujetovienė et al. 2018; 
Szyga-Pluta 2022; Vitasse et al. 2019; Wypych et al. 2017). 
Additionally, a tbase of 5.5 °C has been used for assessing the 
development stages and yield of various widely cultivated 
crops in Europe (Graczyk and Kundzewicz 2016; Spinoni et 
al. 2015). It is considered that the higher the sum of GDD 
accumulated until the occurrence of an FS event, the more 
dangerous and potentially harmful it can be for various 
plants (Vitasse and Rebetez 2018). Changes in the amount 
of GDD accumulated before FS events were also evaluated 
and the significance of these changes was investigated using 
Student’s t-test (p < 0.05). Furthermore, the distribution 
of the sum of GDD, accumulated until the FS event, was 
evaluated for each decade of the study period. In this case, a 
time step of a decade was chosen for the purpose to empha-
size the large variability of this parameter.

Another variable considered when evaluating the inten-
sity of FS events is the tmin reached during the FS event. 
The lower the tmin during the event, the more significant the 
potential negative impact. The severity of frost, expressed 
in terms of tmin, and the sum of GDD accumulated before 
the frost were found to be critical factors in determining 
the potential severity of the negative effects of FS events 
on plants (Vitasse and Rebetez 2018; Graczyk and Szwed 
2020).

To assess the intensity of each FS event, the values of the 
GDD sum accumulated until the event and tmin were divided 
into three categories. Frosts according to these categories 
were divided into mild (F1 category), severe (F2 category), 
and extreme (F3 category) (Table 1). A similar categorisa-
tion of frosts occurring after the start of the growing season 
has been used in other studies (Chmielewski et al. 2018; 
Koźmiński et al. 2021; Zhu et al. 2019). Finally, nine inten-
sity classes of FS events were formed based on different 
frost and GDD categories (Table 1).

2.3 Definition of false spring events

To identify FS events, we first determined the dates of SGS 
and LSF. The SGS date at a particular point of the research 
area is defined as the first day within a consecutive six-day 
period when the average daily air temperature exceeds or 
equals 5 °C for all six days. This methodology for determin-
ing SGS dates is proposed by the Swedish Meteorological 
and Hydrological Institute (SMHI) and has been applied in 
other studies in the Baltic Sea region (Graczyk and Szwed 
2020; Ruosteenoja et al. 2011; SMHI 2022; Walther and 
Linderholm 2006). LSF date is defined as the day when the 
tmin falls below the 0 °C threshold for the last time during 
March–June. This 0 °C threshold has been used in various 
studies investigating the recurrence of spring–early summer 
frosts and their potential negative impact on fruit trees and 
other plants in Europe and the Baltic Sea region (Ceglar et 
al. 2019; Koźmiński et al. 2021, 2023; Wypych et al. 2017; 
Zohner et al. 2020a). Although plant leaves and tissues may 
withstand temperatures slightly below 0 °C, radiative cool-
ing and calm weather during frost events often result in 
plant tissue temperatures dropping several degrees below 
the air temperature. Therefore, it is appropriate to use the 
0 °C air temperature threshold (Zohner et al. 2020a, b). 
After establishing the SGS and LSF dates, we assessed the 
changes in these dates over the 73 years. The non-paramet-
ric Mann-Kendall was employed to determine the statistical 
significance of the observed changes, with changes consid-
ered statistically significant when p < 0.05. Additionally, 
the spatial mean of LSF and SGS dates was calculated for 
each year of the study period using information from all grid 
points.

FS events were considered to occur at a particular grid 
point when the LSF date occurred later than the SGS 
date. We evaluated the recurrence of such events across 
the entire territory for each study year and the changes in 
event frequency between the first (1950–1969) and the last 
(2003–2022) 20-year periods. These two periods were cho-
sen to better highlight the changes in the frequency of FS 
events under a rapidly changing climate. The significance of 
changes was evaluated using Student’s t-test.

2.4 Intensity of false spring events

Two variables were used to assess the intensity of FS events. 
First, we calculated the sum of growing degree days (GDD) 
accumulated until each FS event. The method for calculat-
ing GDD, developed as early as 1730, despite occasional 
criticism for its simplicity, is still widely employed to evalu-
ate various growth stages of plants (Anandhi 2016; Bon-
homme 2000; Paparrizos and Matzarakis 2017; Spinoni et 
al. 2015; Vitasse and Rebetez 2018). Several methods for 
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3.2 Date of the last spring frost

The median date of the LSF in the eastern part of the Baltic 
Sea region during the period of 1950–2022 was the 118th 
DOY (28 April), meaning that the LSF date, on average, 
was recorded two weeks later than the date of SGS. This 
date ranged from the 99th–100th DOY along the Baltic 
Sea coast in Lithuania and the Kaliningrad region to the 
125th–127th DOY in central Estonia (Fig. 3a). 1968 and 
1980 were particularly notable years, with especially late 
frosts recorded throughout the research area—the median 
LSF date those years was the 142nd and 143rd DOY (22–23 
May) respectively. However, in recent decades such late 
frosts have become less common. For example, in 2018, the 
median LSF date in the study area was only the 97th DOY 
(7 April) (Fig. 3b). There has also been a decrease in very 
late frosts that occur in the second half of May or in June—
from 62% of years in 1950–1999 to 30% in 2000–2022.

Like the SGS date, the LSF has shifted earlier over the 
study period. This trend has been observed at 99.4% of grid 
points. Nevertheless, the changes are not so prominent—
they are found to be statistically significant (p < 0.05) only 
in 21.3% of the grid cells (Fig. 3c). The most notable shift 
in the LSF date over the study period occurred in coastal 
regions and the northern part of the study area where the 
changes of LSF date has been more than two weeks and, in 

3 Results

3.1 Date of the start of the growing season

The average SGS date during the study period (1950–2022) 
shows a latitudinal distribution. On average, the earliest 
start of the growing season was recorded in the southern 
and southwestern parts of the study area on the 93–95th day 
of the year (DOY) (3–5 April), while the latest SGS date 
was determined in northern Estonia and the coastal regions 
of this country averaging on the 117–119th DOY (27–29 
April) (Fig. 2a).

Over the 73 analysed years, the median SGS date in the 
study area was 14 April. Exceptionally early average SGS 
dates were observed in 1990 and 2007. In those years, the 
average deviation of the SGS date in the study area from 
the median SGS date was − 29 and − 24 days, respectively 
(75th and 80th DOY) (Fig. 2b).

During the 1950–2022 period, the SGS date has become 
earlier in the study area on average by 10.6 days. The great-
est changes were identified in the southwestern part of the 
study area, where the SGS date during the 73 years shifted 
earlier by nearly three weeks (19–21 days). In other regions, 
although the changes were smaller, they were statistically 
significant (p < 0.05) in the majority (73.9%) of grid cells 
(Fig. 2c).

Fig. 2 (a) Median date (DOY) of the SGS in 1950–2022; (b) Deviation 
of the SGS date from the median value. The spatial mean for the entire 
territory was calculated (c) Change of the SGS date (in days) over the 

study period. Dots indicate grid cells where the changes were statisti-
cally significant (p < 0.05) according to the Mann-Kendall test

 

Variable Category Threshold values Intensity classes
tmin during the day of the 
FS event

F1 0 °C > tmin ≥ -2 °C F1_GDD1, F1_
GDD2, F1_GDD3, 
F2_GDD1,
F2_GDD2, 
F2_GDD3,
F3_GDD1, F3_
GDD2, F3_GDD3

F2 -2 °C > tmin ≥ -5 °C
F3 tmin < -5 °C

GDD, accumulated until 
the FS event

GDD1 0 °C < GDD ≤ 100 °C
GDD2 100 °C < GDD ≤ 200 °C
GDD3 GDD > 200 °C

Table 1 The categories used to 
classify false spring (FS) events 
into nine intensity classes. Letters 
F and GDD indicate the mini-
mum daily air temperature (tmin) 
recorded during the day of the 
FS event and the sum of growing 
degree days (GDD) accumulated 
until the FS event respectively
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The difference in the number of FS events was also 
assessed between the beginning (1950–1969) and the end 
(2003–2022) of the study period. It was found that in 85.9% 
of the grid cells, more FS events were recorded in the last 
twenty years compared to the first two decades of the study 
period. The largest increase, reaching up to nine events, was 
observed in the eastern part of the study area and the south-
western part of Lithuania. In total, statistically significant 
changes (p < 0.05) were found in 30% of grid cells (Fig. 4d).

3.4 Evaluation of the intensity of false spring 
events

To assess the intensity of each FS event, we calculated the 
sum of GDD accumulated until the event and evaluated 
the tmin recorded during the event. On average, the sum of 
67.3 °C GDD was accumulated before an FS event. 2004 
and 1968 stood out as a year with exceptionally high median 
GDD values (171.7 °C and 164.6 °C, respectively). In 2004, 
FS events were recorded at 90.6%, while in 1968 they were 
recorded at 77.4% of the grid cells. Also, the distribution 
of GDD sums for different periods from 1950 to 2022 was 
assessed (Fig. 5a). The periods of 1990–1999 and 1950–
1959 had the highest median GDD sums accumulated before 
FS events, with values of 74.8 °C and 76.7 °C, respectively.

The GDD sums accumulated before FS events were also 
evaluated at each grid point of the study area. The highest 
median of GDD sums over the 73 years were found in grid 
cells located in the southwestern part of the study area, west-
ern Latvia, and central Estonia. In these areas, the median 
GDD value ranged from 69 to 72 °C (Fig. 5b).

The difference in the median values of this indicator 
between the last 20 years of the study period (2003–2022) 
and the first 20 years of the study period (1950–1969) was 
calculated. It was found that the median of GDD at the end 

some places, nearly three weeks (19–21 days) (Fig. 3c). On 
average, over the 73 years, the LSF date has become earlier 
by almost one week (6.3 days).

3.3 False spring events

Except for 1998, an FS event was recorded every year in at 
least one grid cell during the investigation period. In 78% of 
analysed years, FS events were detected in more than half of 
grid cells, and in this century, such a situation has occurred 
almost every year (except for 2020). 1962, 1991, 1999, 
2005, and 2017 were the years with the highest prevalence 
of FS events. In all these years, FS events were recorded in 
more than 98% of the study area (Fig. 4a).

To determine whether the conditions for FS events became 
more favourable, the changes in the difference between the 
LSF and SGS dates were calculated. It was found that over 
73 years this difference increased at 85.9% of the grid cells. 
Thus, favourable conditions for more intensive FS events 
developed in most of the research area. However, statisti-
cally significant changes (p < 0.05) were determined only in 
4.8% of the territory. Across the entire study area, the south-
western and eastern regions showed the biggest increases in 
the difference between the LSF and SGS dates (up to 13–17 
days). In contrast, the most prominent negative and in a few 
cases statistically significant change, reaching almost 12 
days, was observed in central Estonia (Fig. 4b).

Despite the widening gap between the LSF and SGS dates 
across nearly the entire study area, the number of FS events 
increased by an average of only 18.6% over the 73 years 
and no significant changes were observed. Also, the highest 
number of FS events was observed in central Estonia and 
the southwestern part of the study region, while these events 
rarely occurred in the coastal areas (Fig. 4c).

Fig. 3 (a) Median date (DOY) of the LSF in 1950–2022; (b) Deviation 
of the LSF date from the median value. The spatial mean for the entire 
territory was calculated; (c) Change of the LSF date (in days) over the 

study period. Dots indicate grid cells where the changes were statisti-
cally significant (p < 0.05) according to the Mann-Kendall test
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just 20.4% of the study period years. These events covered 
the largest area in 1968 (27.9% of the grid cells) (Fig. 6a).

The tmin values recorded during these events were cat-
egorised into three intensity categories (Table 1). Severe 
frosts (−2 °C > tmin > −5 °C) during FS events in more than 
half of the territory occurred only in 1964 (59.5%). Extreme 
frosts (tmin < −5 °C) in at least one grid cell were recorded 
in 16.4% of studied years. The largest area affected by such 
events (7.2%) was in 1959 (Fig. 6b).

All FS events were classified into nine intensity classes 
(Table 1). At least one event fell into each class except for 

of the study period was higher in 56.1% of the grid cells, 
with the highest increase observed in the southern part of 
the study area, where the change ranged from 30 to 38 °C. 
However, according to the t-test changes were statistically 
significant in only a few grid cells (Fig. 5c).

FS events of the second intensity category (based on the 
accumulated GDD sum) occurred in at least one grid cell of 
the study area in 68.5% of the study period years. However, 
such events affected more than half of the area in only six 
years, with the largest extent (81.4% of grid cells) occurring 
in 1999. Meanwhile, FS events of the third intensity class, 
characterised by a GDD sum exceeding 200 °C, occurred in 

Fig. 4 (a) The percentage of the territory (%) in which false spring (FS) 
events occurred during the period from 1950 to 2022; (b) Change in 
the duration (days) between LSF and SGS dates over the study period; 
(c) Number of FS events per decade at each grid cell in the study area; 

(d) Difference in the number of FS events observed during two periods 
2003–2022 and 1950–1969. Dots in figures (b) and (d) indicate grid 
cells where the changes were statistically significant (when p < 0.05) 
according to the Mann-Kendall (b) and t-test (d)
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various fruit trees begin to blossom, buds start to develop, 
and the leaves of trees (such as oak, beech, birch, etc.) 
unfold (Fu et al. 2019; Wypych et al. 2017; Zavalloni et al. 
2006). At this phenology stage, plant resistance to cold is 

the F3_GDD2 class. The majority, 65.1% of all events, 
belonged to the lowest intensity class (F1_GDD1).

17.7% of FS events fell into the F1_GDD2 intensity 
class. With the accumulation of 100–200 °C GDD in spring, 

Fig. 5 (a) Violin plot of growing degree days (GDD) accumulated until 
the false spring (FS) event for different periods from 1950 to 2022; (b) 
Median of GDD sums accumulated until FS events; (c) Difference in 
the medians of GDD sums accumulated until FS events during two 

periods 2003–2022 and 1950–1969. Dots indicate grid cells where the 
changes were statistically significant (when p < 0.05) according to the 
t-test
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significant portion of future harvests, but also harm other 
plants, disrupting the entire food chain structure (Gu et 
al. 2008). All FS events belonging to these two intensity 
classes were observed in 1975 (Fig. 7) in the northern part 
of the study area (Fig. 8). The year 1975 was notable for an 
exceptional FS event on 25 May in Estonia, which also saw 
snowfall up to 10 cm, leading to significant ecological and 
economic damage (Kohler 2013).

4 Discussion

The rising temperatures from February to April, driven by 
climate change, have primarily accelerated the onset of 
the growing season across the analysed territory, shifting 
on average by nearly two weeks during the investigation 
period. These changes were statistically significant in three-
quarters of the study area’s grid cells, except in regions of 
highlands (western Lithuania, central Latvia).

The obtained SGS date changes agree with the results of 
other studies in the research area. In Lithuania, the SGS date 

minimal, and even slightly negative temperatures (−1 to 
−3 °C) can damage flower buds, leaves, and other tissues 
(Chamberlain et al. 2019; Vitasse et al. 2014; Wypych et al. 
2017). Events belonging to this intensity class covered the 
largest area (71.1% of grid cells) in 1999 (Fig. 7) and they 
were most frequent in central Estonia and the eastern edge 
of the study area (Fig. 8).

13.8% of all FS events belonged to the F2_GDD1 inten-
sity class (Fig. 7). Events in this class can harm vegetation. 
However, since the accumulated GDD sum at the time of 
the event is still low, even severe frost causes relatively 
minor damage as plants in early growth stages are generally 
well adapted to temperatures below freezing (Scheifinger et 
al. 2003).

The remaining five intensity classes accounted for only 
3.4% of FS events, while events classified under the high-
est intensity classes, F2_GDD3 and F3_GDD3, constituted 
only 0.05% of all FS events. Events in these two classes 
were characterised by severe or extreme frost, with the sum 
of GDD exceeding 200 °C. Such events not only cause a 
negative impact on fruit trees, potentially destroying a 

Fig. 6 Percentage of the study area where the sum of GDD (a) and the frosts (b) of the corresponding intensity categories were recorded from 1950 
to 2022 during the false spring (FS) events. Detailed information on the intensity categories is provided in Table 1
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distribution of FS events. In coastal areas, FS events were 
rarely recorded during the study period (up to 2 occurrences 
per decade). Moving away from the Baltic Sea, the number 
of FS events rapidly increased, with more than half of the 
study area experiencing 7–8 events per decade. Nonethe-
less, comparing the first 20 years of the study period with 
the last two decades (2003–2022), it was found that the 
greatest increase in FS events occurred in areas character-
ised by a more rapid rise in spring temperatures.

The topography of the study area is another factor that 
could influence the spatial distribution of FS events (De 
Melo-Abreu et al. 2016; Pellerin et al. 2012). However, in 
this study, it is challenging to identify a clear relationship 
between terrain and the recurrence or intensity of FS events. 
This may be largely due to the lack of significant elevation 
variation within the study area, where the highest point is 
only 355 m above sea level.

Although the number of FS events increased over the 
73-year study period, no significant changes were found. 
Similar tendencies have been observed in FS events in other 
countries or regions. It was found that during the period
from 1971 to 2020 in Poland the number of frosts occurring 
after the SGS date did not change significantly, and the spa-
tial distribution of these phenomena is also primarily influ-
enced by the distance from the sea (Koźmiński et al. 2021, 
2023; Nidzgorska-Lencewicz et al. 2024). The risk of frosts 
causing damage to plants has also remained unchanged
since 1864 in the lowlands of Switzerland and Germany

shifted earlier by approximately 13 days over the period 
from 1961 to 2018 (Mačiulytė and Stankūnavičius 2020). In 
Latvia, from 1960 to 2008, due to the rising winter tempera-
tures, budburst occurred earlier by 22–25 days, and the tem-
perature rise in April led to an earlier start of flowering by 
9–16 days, depending on the plant species (Kampuss et al. 
2009). However, such changes in SGS dates and flowering 
of plants are not solely positive—they not only increase the 
risk of late frost damage but also may influence the spread 
of pests and diseases (Meier et al. 2022).

Due to the changing climate and the increasing late win-
ter and early spring temperatures, the last frost date has also 
become earlier throughout the study area. Nevertheless, the 
changes in this case were smaller, averaging 6.3 days. Simi-
lar changes were observed in other studies, such as in Lithu-
ania from 1961 to 2018 (Mačiulytė and Stankūnavičius 
2020) and in the USA from 1900 to 2014 (Kukal and Irmak 
2018). The shift of LSF dates from the beginning of the 20th 
century to the end of the 21st century has also been recorded 
in Poland and Central Europe (Graczyk and Kundzewicz 
2016; Ma et al. 2019; Wypych et al. 2017).

The main factor determining the distribution of LSF 
dates is the distance from the Baltic Sea, while latitude also 
influences it. Due to the Baltic Sea’s warming effect, in the 
lower-lying coastal areas, such as western Lithuania and the 
southwestern part of the study area, the median LSF date is, 
on average, nearly a month earlier than in central Estonia. 
The distance from the Baltic Sea also influenced the spatial 

Fig. 7 Percentage of the study area where false spring (FS) events of 
the corresponding intensity class were recorded during the investi-
gation period (1950–2022). The numbers in parentheses next to the 

class name indicate what percentage of all FS events identified during 
the study period belong to the corresponding intensity class. Detailed 
information on the intensity classes is provided in Table 1
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dates, and frosts are recorded closer to the date of budburst 
(Jönsson and Bärring 2011). However, when assessing the 
damage caused by FS events to vegetation both in the past 
and the foreseeable future, it is essential to consider that 
plant frost sensitivity depends on the species (Jönsson and 
Bärring 2011; Liu et al. 2018; Morin and Chuine 2014) and 
growth stage (Chamberlain et al. 2019).

The occurrence of FS events in the eastern Baltic Sea 
region is closely related to atmospheric circulation pat-
terns, and future changes in these patterns may influence 
both the frequency and intensity of FS events, as well as 
the extent of the resulting damage. Typical conditions lead-
ing to the formation of severe or extreme spring frosts are 
associated with blocking processes and positive sea level 
pressure anomalies. Such a situation leads to the advection 
of cold Arctic air masses from the northwest, north, and 
northeast (Bielec-Bąkowska and Twardosz 2023; Tomczyk 
et al. 2019). This advection is most often recorded when 
blocking patterns form in the North Atlantic and northern 
Europe (Pfahl 2014). FS events can also occur during east-
erly advection. However, it is less common for late spring 

(Vitasse and Rebetez 2018). Despite that, frosts remain dan-
gerous for crops and other plants (Liu et al. 2018; Nidzgor-
ska-Lencewicz et al. 2024. FS events capable of causing 
strong ecological and economic losses also occurred in the 
eastern Baltic Sea region in the 21st century. For example, 
in the spring of 2007, 11.8% of the study area’s grid cells, 
primarily in the southwestern and northeastern parts, expe-
rienced FS events when a GDD sum of 100 to 200 °C was 
accumulated and the tmin ranged from −2 to −5 °C. Such 
events occurred during budburst and leaf unfolding when 
plant frost resistance is minimal (Chamberlain et al. 2019). 
However, significant changes in the intensity of FS events 
over the study period in this research were not found.

In the future, as temperatures continue to rise, the grow-
ing season is expected to start even earlier, and the dates of 
leaf unfolding and flowering will also change (Juknys et al. 
2017; Ruosteenoja et al. 2016; Szyga-Pluta et al. 2022; Zhu 
et al. 2019). Therefore, the risk of FS events may persist 
or even increase (Chmielewski et al. 2018; Ma et al. 2019; 
Unterberger et al. 2018; Vitasse et al. 2019), especially in 
areas where the shift of SGS dates exceeds that of LSF 

Fig. 8 The sum of false spring (FS) events from 1950 to 2022 belonging to the corresponding intensity class. Detailed information on the intensity 
classes is provided in Table 1
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5 Conclusions

This study evaluated the recurrence, spatial distribution, 
and intensity of FS events in the eastern Baltic Sea region, 
alongside the spatial distribution and long-term changes in 
the SGS and LSF dates from 1950 to 2022. Latitude was the 
main factor influencing SGS distribution, while LSF dates 
were primarily determined by the distance to the Baltic Sea, 
with latitude also playing a role. Over the study period, the 
SGS date moved earlier by an average of 10.6 days, with 
significant changes in 73.9% of grid cells. The LSF date also 
shifted earlier by 6.3 days, with significant changes found 
in 21.3% of cells. No significant changes in the number of 
FS events over the study period were observed according 
to the Mann-Kendall test. Significant interannual variabil-
ity in atmospheric circulation can be an influencing factor 
that determines such tendencies. However, when comparing 
the periods of 1950–1969 and 2003–2022, 85.9% of grid 
cells saw an increase in FS events, with significant changes 
occurring in 30% of cells. Distance from the Baltic Sea 
emerged as the main factor determining the distribution of 
FS events. The intensity of FS events was evaluated based 
on the sum of GDD accumulated until the FS event and the 
tmin recorded during the event. Each FS event was assigned 
to one of nine intensity classes, with most (65.1%) falling 
to the lowest intensity class. The intensity of FS events 
remained unchanged. The only FS event of the highest 
intensity class occurred in Estonia in 1975.

This research analysed FS events from a climatological 
perspective, but a more detailed study of FS spring events 
in the eastern part of the Baltic Sea region, with emphasis 
on local factors, would be beneficial. This could improve 
predictions of future FS events, helping to mitigate the eco-
logical and economic impacts of these events on agriculture 
and forestry in changing climate conditions.
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frosts in the study area to form with northerly airflow asso-
ciated with a cyclonic trough and frontal passage (Ustrnul 
et al. 2014).

The occurrence of FS events in late spring may also be 
linked to the North Atlantic Oscillation (NAO). It has been 
found that during the negative phase of the NAO, the num-
ber of frost days in Poland increases (Tomczyk 2015). The 
study area is also characterised by the advection of vari-
ous types of air masses in the spring, with their recurrence 
showing interannual variability (Krauklis and Dravienece 
2004). This variability could be one of the reasons for the 
lack of trend in the recurrence of FS events.

It has been found that in Estonia, the frequency of air 
movement from the north-northwest increased during the 
1966–2015 period, with the most significant and statisti-
cally significant changes occurring in spring (Lakson et al. 
2019). Such changes in the eastern part of the Baltic Sea 
region may increase the likelihood of spring frosts and, con-
sequently, FS events.

Several factors must be considered when conducting 
future research on FS events in the eastern part of the Baltic 
Sea region. In this study, the SGS date was defined solely 
based on the mean daily air temperature without accounting 
for other variables influencing the SGS date, such as pre-
cipitation, soil moisture and nutrient content, evapotrans-
piration, and other relevant parameters (Chen et al. 2023; 
Linderholm 2006; Qu et al. 2015; Rimkus et al. 2017). 
However, it has been established that for determining the 
SGS date in spring, the air temperature is crucial (Juknys et 
al. 2017; Ladwig et al. 2019; Romanovskaja and Bakšienė 
2009). Additionally, this study used only two variables to 
identify FS events: the dates of SGS and LSF. This approach 
assumes uniform damage from FS events across different 
species, their life stages and habitats (Chamberlain et al. 
2019). Therefore, future research should focus more on spe-
cific species to better understand the negative impact and 
severity of FS events on plants (Ladwig et al. 2019).

When evaluating FS events, it is important to consider 
not only the plant species, topography, and distance from 
the sea, but also local factors such as land use type, soil 
characteristics (composition and moisture) and wind among 
others (De Melo-Abreu et al. 2016; Leslie et al. 2014). 
These factors influence the frequency of FS events and 
can also affect the severity of their impact on vegetation. 
A detailed assessment of FS event intensity on a local scale 
would require consideration of all these factors. However, 
this would require higher spatial resolution than the one 
used in this study. The size of the grid cell used in this work 
(0.25 × 0.25°) diminishes the influence of local factors and 
even within the same grid cell, local factors may vary and 
have different effects.
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Abstract: Compound wind and precipitation extremes (CPWEs) pose significant threats to
infrastructure, economies, the environment, and human lives. In this study, the recurrence,
spatial distribution, intensity, and synoptic conditions leading to the formation of CPWEs
were assessed in the eastern part of the Baltic Sea region. Using ERA5 reanalysis data,
CPWEs were identified when both daily precipitation and maximum wind speed exceeded
the 98th percentile thresholds on the same day at the same grid cell. Due to the proximity
of the Baltic Sea and the influence of terrain, CPWEs were most frequent on the windward
slopes of highlands in the western part of the investigation area. The most severe CPWEs
occurred in the second half of summer and early September. Based on data from the Hess–
Brezowsky synoptic classification catalogue and various synoptic datasets, the formation of
CPWEs during the cold season (October–March) is associated with intense zonal (westerly)
flow, while during the warm season (April–September), it is linked to the activity of
southern-type cyclones. The number of CPWEs increased across all seasons, with the
largest changes observed during the summer. However, the majority of changes are
insignificant according to the Mann–Kendall test.

Keywords: compound climate events; precipitation extremes; wind extremes; ERA5;
Hess–Brezowsky classification

1. Introduction
In recent decades, human-induced climate change has led to increased frequency and

intensity of different weather and climate extremes. Particularly notable is the rise in hot
extremes and heavy precipitation events, with these trends observed across various regions
of the planet [1]. Such extreme events cause significant negative impacts on infrastructure,
economies, and natural environments. Between 2000 and 2020, 773 million people were
injured during such events, with losses amounting to USD 1.3 trillion [2]. In the European
Union alone, weather and climate events caused over 200,000 deaths between 1980 and
2023 [3].

However, the past decade has shown that more significant damage and negative
socio-economic impacts occur when two or more weather or climate extremes interact,
resulting in a compound climate event [4,5]. Four different types of such events have been
distinguished [6], one of which includes compound precipitation and wind speed extremes
(CPWEs). These occur when extreme precipitation and wind speed are simultaneously
recorded in the same area [6,7].

CPWEs are among the most damaging extreme climate events. They can negatively
affect various economic sectors, pose threats to the natural environment, disrupt criti-
cal infrastructure, and result in human fatalities [8]. For instance, in January 2018, the
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storm “Friederike” struck Central Europe, causing traffic disruptions, power outages,
building damage due to falling trees, and fatalities. In Germany alone, the storm caused
EUR 900 million in damage [9]. CPWEs can also trigger landslides and pose risks from
falling trees, which become more vulnerable to wind as soil moisture increases [7,9]. A
study in the Czech Republic found that during winter CPWEs, mortality rates increase by
3% within 0–2 days after the event. The mortality rate was higher than that associated with
individual precipitation or wind speed extremes [10]. Therefore, understanding CPWEs’
formation, recurrence trends, and associated risks is increasingly critical [7,11].

CPWEs have been studied at both global [7,12,13] and regional scales [8,14–18]. Glob-
ally, CPWEs occur most frequently and pose significant risks, including flash floods and
storm surges, in coastal regions [7,19,20] and areas prone to tropical cyclones [12]. In Eu-
rope, CPWEs are most commonly observed along Norway’s western coastline, the Iberian
Peninsula, and Central Europe [14,15]. Over recent decades, their frequency in Europe has
remained relatively unchanged [15], but projections suggest that with continued climate
warming, CPWEs will become more frequent, particularly in the northern and eastern parts
of the continent [13]. Globally, these extremes are expected to shift towards higher latitudes
in both hemispheres, with the most significant increases projected for regions above 50◦

latitude [21].
Investigations of CPWEs have also focused on the factors driving their formation.

In mid-latitudes, CPWEs are associated with intense zonal westerly flows [22] and mid-
latitude cyclones [7,19,23]. In northwestern and northern Europe, their formation is closely
linked to the North Atlantic Oscillation (NAO), with CPWEs being more frequent and in-
tense during a positive NAO phase [24]. Additionally, a strong relationship has been found
between CPWEs in Western Europe and cold extremes in eastern North America [24,25].
Finally, the formation of these extremes also depends on local topography. During winter,
more CPWEs are observed in the highlands, whereas in summer, they are more common in
the lowlands [23].

Despite increasing attention to CPWEs globally and in Europe, no studies have in-
vestigated these compound extremes in the eastern part of the Baltic Sea region—this
research is the first of its kind. Until now, precipitation and wind speed extremes in the
Baltic states have been studied separately, focusing on their historical recurrence and future
projections [26–31].

The primary goal of this study is to evaluate the recurrence, spatial distribution,
intensity, and synoptic processes driving the formation of CPWEs in the eastern part of the
Baltic Sea region from 1950 to 2022. The first part of the study assesses precipitation and
wind speed extremes separately, determining their spatial distribution and recurrence over
the 1950–2022 period. The second part focuses on the recurrence and trends of CPWEs,
while the third part evaluates their intensity. Finally, the study concludes with an analysis of
the synoptic conditions and factors leading to the formation of those compound extremes.

2. Materials and Methods
2.1. Study Area

The study focuses on the eastern part of the Baltic Sea region, covering an area between
53.5◦ and 59.5◦ N latitude and 20.0◦ and 28.5◦ E longitude (Figure 1).
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Figure 1. Study area and its topography (elevation above sea level).

The study area is characterised by lowlands and plains, with the highest point reaching
355 m above sea level (Figure 1). According to the updated Köppen–Geiger climate
classification, the eastern part of the Baltic Sea region falls under the Dfb climate type [32,33],
where the mean temperature of the warmest month (July) does not exceed 22 ◦C, but at
least four months per year have a daily mean temperature above 10 ◦C [33].

The average temperature during the warmest summer months is around 16–18 ◦C,
while in winter, it drops to −3 to −6 ◦C. Along the Baltic Sea coast, the air temperature
during winter is close to 0 ◦C. The region experiences an average annual precipitation
ranging from 550 to 800 mm, with the highest amounts recorded in the western part of the
study area. The maximum precipitation occurs in July and August, averaging 70–90 mm
monthly. The mean annual wind speed ranges from 2 m/s in the eastern part of the study
area to 6 m/s on islands in the northeast, with the highest average wind speed observed in
December and January.

2.2. Data

To identify CPWEs, daily precipitation (P) data and hourly maximum wind speed at
10 m height data from the European Centre for Medium-Range Weather Forecasts (ERA5)
reanalysis were used. The daily maximum wind speed (wmax) at each grid point within the
study area was determined from the hourly values. The spatial resolution of the processed
data grids is 0.25 × 0.25◦. The period from 1950 to 2022 was analysed.

This study focused on land areas only, analysing grids where more than 50% of the
area is classified as land. Such grids were selected using the land filter in the KNMI Climate
Explorer application (https://climexp.knmi.nl/start.cgi (accessed on 25 February 2024)),
which was also used to obtain precipitation data. Hourly maximum wind speed data
were retrieved from the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/
(accessed on 25 February 2024)).

ERA5 reanalysis was chosen for this study due to its detailed temporal and spatial
resolution and the long time series of its dataset [34]. It was also found that ERA5 reanalysis
data for wind speed and precipitation closely align with ground-based observations in
mid-latitudes. The accuracy of ERA5 reanalysis data, particularly when assessing extreme
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values, tends to decrease in mountainous regions and tropical areas [35–37]. However, the
study area in this research does not exhibit significant variation in altitude (Figure 1), so this
issue is avoided. When using ERA5 data for evaluating P and wmax extremes, inaccuracies
may arise due to the grid cell size (0.25 × 0.25◦). This resolution in some cases might be
insufficient for identifying extremes associated with mesoscale processes, such as thermal
convection during the summer storms.

The assimilation of satellite, ground station, and radar data during dataset develop-
ment is also an important factor for the accuracy of ERA5 reanalysis. In Europe, where such
data are abundant, ERA5 data closely align with meteorological observations [38]. Finally,
comparing precipitation and wind speed data from various widely used reanalysis datasets
with ground-based measurements revealed that ERA5 provides the highest accuracy for
both variables in Central Europe [38,39].

2.3. Identification of Compound Precipitation and Wind Extremes (CPWEs)

The 98th percentile values of P and wmax were calculated for each grid cell within the
study area over the entire analysis period to identify CPWEs. The percentile method is
widely used to identify extremes of these variables due to its simplicity and adaptability
to various datasets and regions [40]. Different percentiles of P and wmax have been used
in CPWE studies across various regions and on a global scale [7,8,11,14,41]. In this study,
the 98th percentile values were chosen. To determine the appropriate percentile value
for identifying P and wmax extremes, various threshold values (95th, 97th, 98th, and 99th
percentiles) were tested. After evaluating the number of extremes identified in each case, it
was established that the 98th percentile is optimal. This threshold captures both moderate
and severe extremes while providing sufficient data for statistical analysis. At least one of
these conditions was not met when using the other percentile values. Similar reasoning for
using the 98th percentile was also provided in other studies [7,40].

In this study, P or wmax extremes were identified when the value of a variable at a
given grid cell exceeded its 98th percentile value. Changes in such extremes were assessed
for each grid cell over the 73-year study period. The statistical significance of these changes
was determined using the non-parametric Mann–Kendall test, with results considered
significant at p < 0.05.

CPWEs were defined as instances where both P and wmax extremes occurred on the
same day at the same grid cell. The recurrence and changes in such compound extremes
were assessed from 1950 to 2022. Additionally, the monthly and seasonal recurrence of
CPWEs was analysed for the following seasons: December–February (DJF), March–May
(MAM), June–August (JJA), and September–November (SON). Finally, the number of
CPWEs in each grid cell was determined for the first (1950–1969) and last (2003–2022)
20 years of the study period, and the changes in these compound extremes were evaluated.
These two time periods were selected to highlight the changes in the CPWEs under rapidly
changing climate conditions. The statistical significance of these changes (p < 0.05) was
determined using Student’s t-test.

Once CPWEs were identified, the total number of days with at least one CPWE in any
part of the study area was calculated. The recurrence of such days over the study period
was evaluated, the season with the highest number of such days was identified, and the
days with the most extensive spatial coverage of CPWEs were determined.

To identify the most intense CPWEs, the 99th and 99.9th percentile values of P and
wmax were calculated for each grid cell. The frequency of compound extremes where both
variables exceeded these percentile thresholds within the same grid cell during the study
period was assessed. Similar methodologies have been applied in the analysis of various
compound climate events [42,43], including CPWEs [44,45].
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2.4. Evaluation of Atmospheric Processes During CPWE Formation

CPWE formation can be explained by the specific atmospheric circulation conditions
that have developed in the region or larger area. To accomplish that, several complementary
information sources were used to assess atmospheric conditions over Europe:

(a) Manual classification of daily large-scale circulation patterns by Hess–Brezowsky;
(b) Freely available synoptic schemes over Europe from three different weather centres—

United Kingdom Met Office (available from 1988), German Meteorological Service
(available from 2003), and Royal Netherlands Meteorological Institute (available from
2003);

(c) Global forecast system (GFS) analysis charts (available from 1979) and ERA5 post-
processed daily statistics (available from 1940);

(d) The archive of weather maps from the Lithuanian Hydrometeorological Service under
the Ministry of Environment (available from 1946).

The Hess–Brezowsky synoptic classification (GWL) represents 29 typical patterns of
the daily synoptic circulation over Central Europe. Four types of them depend on zonal
or westerly circulations (WA, WZ, WS, and WW), eight on southerly circulations (SWA,
SWZ, SA, SZ, TB, TRW, SEA, and SEZ), eight on northwesterly and northerly circulations
(NWA, NWZ, NA, NZ, HNA, HNZ, HB, and TRM), six on northeasterly and easterly
circulations (NEA, NEZ, HFA, HFZ, HNFA, and HNFZ) and the last three on the main
high/low-pressure area over Central Europe pattern (HM, TM, BM) [46]. These types
are widely used in research areas such as synoptic meteorology, applied meteorology,
climatology, environmental sciences, etc. The GWL data have been available since 1881,
while descriptions of circulation types are provided in many similar studies [46–51]. The
subjective classification of atmospheric processes by Hess–Brezowsky has a long history. It
is widely used in atmospheric, climatic, and interdisciplinary studies, allowing for easier
comparison of results across different authors and countries. An objective analysis provides
a more precise depiction of atmospheric flow and structure. However, it depends on the
selected domain, variables, and classification method, often yielding circulation types that
differ from traditional subjective analyses.

Hess and Brezowsky circulation types were useful in determining the general flow
pattern over Europe. The synoptic schemes were good for identifying the evolution of
frontal systems and surface-pressure gradients within low-pressure fields. GFS analysis
charts also allowed the tracking of the progress of surface pressure fields as well as temper-
ature and humidity fields in the lower part of the troposphere. ERA5 daily data were used
for similar purposes as GFS analysis, only prior to 1979. Operational (archived) weather
maps were very useful in determining the development of the weather systems in Eastern
and Central Europe, especially in the period before the 1980s.

The synoptic situation and atmospheric conditions that led to the formation of CPWEs
were assessed only on the days within the study period when these compound extremes
affected more than one-fifth of the study area. Atmospheric circulation was evaluated on
each of these days as a major driving factor, as well as two days before, to determine the
conditions for development, and one day after, to observe the decay of the event. The
atmospheric conditions that influenced CPWE formation were separately analysed for the
cold season (October–March) and the warm season (April–September).

3. Results
3.1. Extremes of Precipitation and Maximum Wind Speed

The highest 98th percentile daily precipitation (P98) value, reaching 16.2 mm/day, was
recorded along the Lithuanian Baltic Sea coast, while the lowest values (11–12 mm/day)
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were observed in the northern part of the study area and around the Estonian islands
(Figure 2a). It is evident that the distribution of these values is influenced by topography.
Higher P98 values were found in the uplands of western Lithuania and central Latvia.
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Figure 2. The 98th percentile values of daily precipitation (a) and maximum wind speed (b) in the
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(c) and maximum wind speed (d) extremes in the study area. Grid cells with statistically significant
changes, according to the Mann–Kendall test (p < 0.05), are marked with dots.

The distribution of the 98th percentile maximum daily wind speed (wmax98) across the
study area is predominantly affected by the distance from the Baltic Sea (Figure 2b). The
highest wmax98 values, ranging from 21 to 22 m/s, were observed along the Baltic Sea coast.
In contrast, the lowest wmax98 values (16–17 m/s) were identified in the eastern part of the
study area (Figure 2b).

After calculating the P98 and wmax98 values for each grid cell separately, reoccurrence
extremes for both P and wmax were assessed for cases when the values exceeded the 98th
percentile. The analysis of the recurrence of P extremes in the area revealed that their
number has increased (on average across the area), but this change was not significant. The
highest number of P extremes occurred in 1998, accounting for 2.2% of all P extremes. When
examining the changes in the number of these extremes at each point in the study area,
it was found that the number increased in 98.9% of the grid cells. However, statistically
significant changes were found in only 13.8% of the points (Figure 2c).

The number of wmax extremes in the eastern Baltic Sea region also increased over
the study period. This change was more pronounced compared with P extremes, but
it was not statistically significant either. The most frequent wmax extremes occurred in
1990, which accounted for 3.5% of all wmax extremes during the investigation period. The
number of wmax extremes increased across almost the entire study area (94% of the grid
cells). The largest growth was observed in the northern and northeastern parts of the study
area. However, statistically significant changes were found in only 8.1% of the grid cells
(Figure 2d).
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3.2. Compound Precipitation and Wind Extremes (CPWEs)

After evaluating the P and wmax extremes in each grid cell, CPWEs, cases where both
extreme values coincided, were identified. The highest number of CPWEs, 3.7% of all
cases, occurred in 1962 (Figure 3a). Over the 73-year study period, the number of such
extremes in the eastern part of the Baltic Sea region slightly increased, but this change was
not statistically significant. When examining the recurrence of CPWEs in different months,
the highest occurrence (17.9%) was observed in October, while the lowest was in the spring
months (Figure 3b).
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Figure 3. (a) The percentage of CPWEs identified annually over the 1950–2022 period, with the red
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An evaluation of CPWE recurrence within each grid cell of the study area revealed
that over the entire study period, the highest frequency, 10–11 occurrences per decade, was
recorded in western Lithuania (Figure 4a). A similar distribution was observed in winter,
with most CPWEs occurring in the western and northeastern parts of the study area during
this season (Figure 4b).
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The lowest number of CPWEs (no more than 1.5 extremes per decade) was recorded
during the spring months (MAM), with a relatively uniform spatial distribution across the
study area (Figure 4c). In summer (JJA), the number of CPWEs increased, with the highest
frequency (2–2.6 extremes per decade) observed in the southeastern and eastern parts of
the study area, which are the furthest from the Baltic Sea (Figure 4d). In contrast, the spatial
distribution of CPWEs during autumn (SON) was opposite to JJA. During this season, as
well as over the entire study period, the highest number of CPWEs (5–6.5 extremes per
decade) was recorded in western Lithuania (Figure 4e). Furthermore, when assessing all
four seasons, 78% of the grid cells showed the highest frequency of CPWEs during SON.

The change in the number of compound precipitation and wind extremes (CPWEs)
was also assessed in each grid cell by comparing their occurrence at the end of the study
period (2003–2022) to the beginning (1950–1969). It was found that the number of CPWEs
increased in 70.2% of the grid cells, while a decrease was observed in only 21.7%. The
most significant increase, reaching up to 12 cases in individual grid cells, was identified in
the southern and southwestern parts of the study area. However, statistically significant
changes were detected in only 6.5% of the grid cells (Figure 5a). Across all four seasons,
an increase in the number of CPWEs was observed (Figure 5b–e). However, statistically
significant changes (p < 0.05) were identified in only a few grid points. The highest
percentage of grid cells, with a statistically significant increase in CPWEs (4.8%), occurred
during JJA. This season also showed the largest overall increase in CPWEs, with 65.5% of
grid cells experiencing growth.
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(e) September–November (SON). Grid cells with statistically significant changes based on the t-test
(p < 0.05) are marked with dots.

Notably, during DJF and SON, the most pronounced increases in CPWEs were con-
centrated in the northern part of the study area (Figure 5b,e). In contrast, during JJA, the
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largest growth was observed in the eastern and southern regions of the analysed territory
(Figure 5c,d).

Days when, at least in one grid cell, a CPWE was recorded were also identified. A
total of 797 such days were observed over the 73 years, with their frequency increasing
over the investigation period (Figure 6a). The changes are statistically significant based on
the Mann–Kendall test (p < 0.05). October recorded the highest share (14.8%) of all such
days (Figure 6b).
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In most cases, CPWEs were recorded on the same day in only one or a few grid cells.
CPWEs were identified in more than one-fifth of the grid cells in the study area on only
44 days (6% of the days with at least one CPWE) and in more than half of the grid cells on
just 3 days: 22 October 1971 (CPWEs recorded in 51.1% of the grid cells), 28 October 1998
(75.4% of the grid cells), and 14 October 2009 (57.4% of the grid cells).

3.3. Intensity of CPWEs

By calculating the 99th and 99.9th percentile values of P and wmax, the CPWEs with
the highest intensity were identified. Over the entire study period, the 99th percentile
values of both variables were exceeded in 29.5% of all CPWEs. Meanwhile, CPWEs
during which both P and wmax exceeded the 99.9th percentile values in the same grid cell
accounted for 0.9% of all CPWEs. During these particularly intense CPWEs, the average
daily precipitation amount was 46.7 mm, and the wmax averaged 26.5 m/s. Such severe
CPWEs in at least one grid cell were recorded in only 11 days. All these days occurred in
the second half of summer and the first ten days of September, as only during the summer
months were precipitation amounts high enough to exceed the 99.9th percentile threshold.

However, during just four days, P and wmax both exceeded the 99.9th percentile values
and severe CPWEs formed in more than 1% of the grid cells within the study area. These
cases occurred on 6–7 August 1967, when intense CPWEs were observed in 5.8% of the
grid cells; 7 August 1987 (10.2% of the grid cells); 28 July 1988 (4.3% of the grid cells); and
9–10 August 2005 (12.1% of the grid cells). These events were recorded in different locations
within the analysed area (Figure 7).
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Figure 7. The part of the study area (in blue colour) where the most intense CPWEs (above
the 99.9th percentile) were recorded: (a) 6–7 August 1967; (b) 7 August 1987; (c) 28 July 1988;
(d) 9–10 August 2005.

The most intense CPWEs were observed during the summer (JJA). However, in many
cases, they were localised and caused by mesoscale convection processes. In contrast, the
CPWEs that covered the largest portion of the area were found during the autumn (SON).
It was also determined that CPWEs with wmax values exceeding the 99.9th percentile most
frequently occurred during the DJF and SON seasons, primarily in the southwestern and
northern parts of the study area. In contrast, CPWEs with P values exceeding the 99.9th
percentile showed opposite trends. Most of these cases (65.5%) occurred in JJA, mainly in
the southeastern part of the study area.

3.4. Atmospheric Conditions Leading to the Formation of CPWEs

A total of 44 days were identified when CPWEs occurred in more than 1/5 of the study
area, and 28 days were recorded during the cold season and 16 during the warm season.
These specific days were selected for further analysis of the atmospheric conditions.

Different forcing to CPWEs mechanisms were found in the cold and warm half of
the year. Most cold-season compound extremes appear to be forced by intensive mid-
tropospheric zonal and only a few subzonal circulations over the southern part of Northern
Europe. Such patterns of atmospheric circulation over Europe correspond to the WZ type of
Hess–Brezowsky circulation, and only a few cases were identified as SWZ, WA, or NZ types
(Table 1). During the cold season, CPWEs typically form due to rapidly developing frontal
waves along the southern periphery of a deep depression over the Northeast Atlantic or
North Sea region. Moreover, such atmospheric circulation patterns show a large persistence.
This form is usually established not only on the day of the appearance of the CPWE but at
least 3–5 days before it. Most of these developing waves caused deepening of local minima
over the Baltic region, which is not typical for classic Atlantic cyclones moving eastward.
However, this explains the increased pressure gradients in the rear of such cyclones well.
Other important features of this type of atmospheric circulation are: (a) the clear zonal
separation of cold and warm air masses over Central and/or Northern Europe and (b)
the advection of moist air from the subtropical part of the North Atlantic through the
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British Isles, southern Scandinavia, and into the Baltic region (Figure 8a,b). The CPWE
location in such cases has been predetermined by the proximity of the centre or, rarely, triple
(occlusion) point of the fast-moving cyclone or the wave: the further north the trajectory of
the developing cyclone, the more northerly the position of the CPWE and vice versa.

Table 1. The recurrence of different circulation types (% of the days when CPWEs covered > 20% of
the study area) derived according to the Hess–Brezowsky classification during CPWE formation in
the cold and warm seasons. D0 represents the day of CPWE formation, D − 2 and D − 1 represent
two and one day before, respectively, and D + 1 represents one day after the CPWE formation date.

Circulation
Pattern

Type

Cold Season
(October–March)

Warm Season
(April–September)

D − 2 D − 1 D0 D + 1 D − 2 D − 1 D0 D + 1

Zonal
(westerly) WA, WZ, WS, WW 57.1 60.7 60.7 67.9 18.8 18.8 18.8 37.5

Southerly
SWA, SWZ, SA,

SZ, TB, TRW, SEA,
SEZ

17.9 17.9 14.3 7.1 12.5 6.3 6.3 6.3

Northwesterly
and northerly

NWA, NWZ, NA,
NZ, HNA, HNZ,

HB, TRM
14.3 10.7 21.4 17.9 43.8 43.8 31.3 18.8

Northeasterly
and easterly

NEA, NEZ, HFA,
HFZ, HNFA,

HNFZ
0 0 0 0 6.3 12.5 12.5 12.5

High/low-
pressure area
over Central

Europe

HM, TM, BM 10.7 10.7 3.6 7.1 18.8 18.8 31.3 25.0
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Figure 8. Composite analysis of the CPWEs in the cold (October–March) (a,b) and the warm (April–
September) (c,d) half of the year: (a,c) sea level pressure (hPa) and (b,d) temperature anomaly (cC) at
the 850 hPa level. Anomalies were calculated according to 1991–2020 daily smoothed climatology.

In the warm half of the year (April–September), the typical circulation patterns exhibit
much greater diversity (Table 1). The common feature in most analysed compound ex-
tremes is the lower-than-normal pressure in the upper troposphere over Central or Eastern
Europe or both. According to the Hess–Brezowsky classification, the TM, NZ, NWZ, HNZ,
HNFZ, TRM, WS, BM, and HB types of circulation are capable of maintaining low pressure
over Central Europe and further east while other types (HB, NWA, HFA) are capable of
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maintaining low pressure over Eastern Europe. The diversity of listed circulation types is
very large; however, these types can be combined depending on the predominant blocking
process (HNZ, HNFZ, HFA), cut-off-low (TM, HB, HM), slowly developing Rossby wave
ridge (NWZ, NWA), or trough (WS, BM, TRM).

During the warm season’s CPWEs, all mentioned circulation types are related to
southern-type cyclone development over the analysed region. In almost all warm season
cases, the CPWE location appears to agree with the structure of these cyclones: the heaviest
precipitation is almost always located on the cyclone’s forward (northern) side.

The composite analysis of all southern-type cyclone-related extremes revealed the
high-pressure gradient area over the Baltic States, with pressure minima over eastern
Latvia and Estonia and northwestern Russia (Figure 8c). At the same time, the temperature
anomaly composition confirms typical large-scale temperature distribution in such cases:
much colder than normal temperatures over the eastern part of Central Europe and higher
than normal over the northern part of Eastern Europe (Figure 8d).

During the most intense warm season’s CPWEs, the prevailing circulation pattern
in the study area, according to the Hess–Brezowsky classification, was northwesterly,
northerly, or a high/low-pressure area over Central Europe. The highest average P value,
reaching 35.5 mm, was recorded under northwesterly and northerly circulation. Meanwhile,
the highest average wmax value (22.2 m/s) was observed during the dominance of a
high/low-pressure area over Central Europe.

During the cold season, the formation of CPWEs was dominated by westerly (zonal)
flow types. This circulation pattern also resulted in the highest average wmax value
(22.6 m/s). Nevertheless, the highest average P value in the cold season, reaching 18.9 mm,
was recorded in the study region under the dominance of a northwesterly and northerly
circulation pattern similar to the warm season.

4. Discussion
From 1950 to 2022, the number of precipitation extremes increased in almost the entire

study area. However, the observed changes were statistically significant only in a small part
of it. The increase in the recurrence of precipitation extremes in recent decades has also been
observed in various regions worldwide (e.g., the USA, China, and Central Europe) [52–55],
as well as in the eastern part of the Baltic Sea region [26,28,31]. These changes are closely
related to climate change. A study conducted in the Benelux countries found that, during
the summer, the intensity of precipitation extremes increased by a factor of 1.2–9 compared
with a climate that was 1.2 ◦C cooler [55]. Future projections suggest that the recurrence
and intensity of precipitation extremes will continue to grow [27,55–57]. Similar trends are
anticipated for the Baltic Sea region and Northern Europe [30,58].

While the number of wind extremes also increased across most of the study area
during the research period, the changes are statistically significant in less than one-tenth
of the study area. Similar trends, indicating minor changes in the recurrence of wind
extremes, have been reported in other studies [59–61]. It has been found that the direction
and magnitude of the changes are highly dependent on the selected study period and
region [61]. Most of the extremes in northern Europe occurred during the last two decades
of the 20th century, after which their frequency decreased [60,62]. Similar tendencies were
observed in the eastern part of the Baltic Sea region during this study, with the highest
frequency of extremes occurring in the 1990s. In the future, no significant changes in wind
extremes are projected for either Europe or the Baltic Sea region [31,59,61].

The number of CPWEs also slightly increased in the eastern part of the Baltic Sea
region. However, the observed changes were not significant (when p < 0.05). The low
statistical power of the observed changes could be attributed to the high natural variability
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of CPWEs. No significant trends in the recurrence of such compound extremes were
identified in other regions either [15,63,64]. An analysis of CPWE changes across the
study area during 1950–1969 and 2003–2022 showed that the significant increase in the
frequency of these compound extremes in the highest number of grid cells occurred during
summer. Rising air temperatures lead to larger water vapour amounts in the atmosphere,
intensifying convection processes [65–67], which, in turn, result in localised precipitation
and wind speed extremes.

The number of CPWEs in the eastern part of the Baltic Sea region exhibited a merid-
ional distribution, with their recurrence decreasing inland from the coast. The highest
number of CPWEs was recorded in western Lithuania, which was influenced by two fac-
tors: the distance from the Baltic Sea and the terrain. Reduced surface friction and thermal
contrasts enhance wind speeds and variability near coasts. Topography accelerates winds,
intensifies turbulence, and enhances precipitation through orographic lifting, increasing
precipitation amounts on windward slopes. Therefore, the likelihood of observing both
extreme events simultaneously is higher in coastal areas and nearby highlands. Similar
trends in the spatial distribution of CPWEs were identified in Central Europe [23]. Also,
by calculating the Pearson correlation coefficient (r), a positive statistically significant rela-
tionship (when p < 0.05) was found between the number of CPWEs and altitude above sea
level. Higher r values were observed during the cold season. More CPWEs were observed
in areas dominated by precipitation extremes, indicating that precipitation, rather than
wind, is the limiting factor for the spatial distribution of these compound extremes [12].

Analysis of the circulation conditions during CPWEs revealed that the factors influenc-
ing their formation differ between the cold (October–March) and warm (April–September)
seasons. During the cold season, these compound extremes typically form under intense
zonal flow from the west. This pattern has also been observed in other regions of Europe [7].
A study by Owen et al. (2021) [11] found that in Europe, during 70% of CPWEs, the cyclone
centre was located within a radius of no less than 1100 kilometres from the CPWE forma-
tion site. In contrast, during the warm season in the eastern part of the Baltic Sea region,
CPWEs predominantly formed when southern-type cyclones reached the region. Intense
convection processes also drove local CPWE formation during this period. Such cyclones
were more frequent, and convection processes were generally more intense in the eastern
and southeastern parts of the study area. As a result of these differing factors, CPWEs were
more frequently recorded in the western and northern parts of the study area during winter
and autumn. In summer, they were more common in the eastern and southeastern parts.

The most intense CPWEs in the study area were recorded in the second part of sum-
mer. Such a tendency is uncommon in Western and Central Europe, where the strongest
compound extremes typically occur during winter [24,41]. This pattern in the eastern part
of the Baltic Sea region is closely linked to the activity of southern-type cyclones. These cy-
clones, originating from regions such as the southern Alps, the Balkans, the Mediterranean,
the Black Sea, or even the Carpathians, and moving northward during the warm season,
carry more moisture than their Atlantic counterparts. Their rapid development under
the leading edge of an upper-level trough or low creates large surface-pressure gradients.
Such cyclones were responsible for all four of the most intense CPWEs recorded during
the investigation period. In recent decades, an increase in the intensity of these cyclones
reaching Northern Europe and the Baltic States has also been found [68].

In the future, CPWEs are expected to increase. The most significant growth is projected
in mid- and high-latitude regions [21,69], along coastal areas in North America, as well as
in South and East Asia [20]. Nevertheless, the global increase in CPWEs is expected to be
greater over the ocean than over land, where the projected increase in the recurrence of
these compound extremes is not statistically significant [69]. A slight increase in CPWEs
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was also observed in this study. However, it is noted that during the period 1950–2022, this
increase was more pronounced in the southern part of the study area.

The future increase in CPWEs is primarily linked to climate change, rising evap-
oration, more intense precipitation, and changes in tropical and extratropical cyclone
trajectories [1,21]. For instance, it is projected that mid-latitude cyclones in Great Britain
and Ireland will cause CPWEs 3.6 times more frequently, primarily driven by increasing
precipitation intensity [70]. However, these compound extremes are characterised by high
spatial and natural variability, with significant influences from other factors such as the
terrain, land cover and its changes, and the ocean–atmosphere interaction [69]. These
factors could explain why the changes observed during the study were not significant.

The number of deep, mid-latitude cyclones in the Baltic Sea region is expected to
increase slightly. However, the reliability of these projections is low, as the magnitude of
changes and shifts in cyclone trajectories will depend on the evolving temperature gradients
between low and high latitudes [58]. Another critical factor influencing the recurrence
and intensity of CPWEs in the eastern Baltic Sea region, as well as other regions, will be
changes in the characteristics of storms generated by convective processes. Convective
weather events in Europe are projected to become more frequent [71,72], and the recurrence
of conditions favourable for convection is expected to increase by 5–20% for every 1 ◦C rise
in global temperature, with the most significant growth anticipated in higher latitudes of
the Northern Hemisphere [73]. These changes could lead to an increase in the number and
intensity of summer CPWEs.

Several aspects should be considered when conducting further research on CPWEs
in the eastern part of the Baltic Sea region. First, the reliability of ERA5 reanalysis data
for precipitation and maximum wind speed varies across the study period and differ-
ent seasons. As the number of data sources has increased during the 1950–2022 period,
with more data being assimilated into reanalysis datasets, their accuracy has improved
significantly in recent decades compared with the first part of the study period [61,74].
Additionally, it has been observed that ERA5 data in mid-latitudes for the two variables
used in this study are more accurate during the winter months compared with summer.
This is because ERA5 better simulates precipitation and wind extremes associated with
mid-latitude cyclones than those caused by mesoscale convective systems, which are more
typical in summer [36,57,75].

Another aspect to consider when interpreting the results of this study is the spatial
resolution of the data grid, which is 0.25 × 0.25◦. Such a spatial resolution is insufficient
for accurately capturing localised CPWEs that occur during convective processes in sum-
mer [75,76]. Reanalysis data also provide grid cell averages, which may overlook the most
extreme values occurring within a grid cell [35,77]. To assess the accuracy of ERA5 data,
the number of CPWEs obtained using this reanalysis was compared with the number of
compound extremes derived from data from several Lithuanian meteorological stations. It
was found that the total number of CPWEs obtained using different data sources differed
by no more than 10%. It is also important to note that ground-based observations create a
different challenge. The obtained results effectively represent only CPWEs occurring at a
specific location, and they are strongly influenced by local factors, thus failing to adequately
reflect patterns across larger areas [61].

5. Conclusions
This study evaluated the recurrence, spatial distribution, intensity, and atmospheric

conditions driving CPWEs in the eastern part of the Baltic Sea region. Changes in the
recurrence of precipitation and wind speed extremes were also assessed. Between 1950
and 2022, their frequency increased, but statistically significant changes were observed in
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only 13.8% and 8.1% of the area, respectively. Comparing the beginning (1950–1969) and
end (2003–2022) of the study period, CPWEs increased across most of the study area in all
seasons. However, the changes were generally small, with statistically significant increases
primarily observed in summer.

The main factors determining the spatial distribution of CPWEs are distance from the
Baltic Sea and terrain. Due to these factors, the highest frequency of CPWEs (10–11 extremes
per decade) was recorded in the western part of the study area. CPWEs also exhibit seasonal
spatial patterns: in autumn and winter, they are most frequent in the western and northern
parts, while in summer, they are concentrated in the east.

Such distribution results from differing synoptic conditions influencing CPWE forma-
tion. In the cold season (October–March), CPWEs are mainly associated with strong zonal
flows from the west and rapidly developing frontal waves on the southern periphery of
deep Atlantic cyclones. In the warm season (April–September), they are linked to southern-
type cyclones entering the study region. Notably, these cyclones were responsible for the
most intense CPWEs, typically occurring in late summer and early September.

In this study, using ERA5 reanalysis data, certain CWPEs that formed due to local
processes (e.g., thermal convection) may not have been accounted for as a consequence of
insufficient spatial resolution of the data (0.25 × 0.25◦). To avoid this issue in future research,
it would be advisable to use higher-spatial-resolution data and ground-based observations.
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V.; et al. Observed changes in heavy daily precipitation over the Nordic-Baltic region. J. Hydrol. Reg. Stud. 2021, 38, 100965.
[CrossRef]

29. Lizuma, L.; Briede, A.; Klavins, M. Long-term changes of precipitation in Latvia. Hydrol. Res. 2010, 41, 241–252. [CrossRef]
30. Nikulin, G.; Kjellström, E.; Hansson, U.; Strandberg, G.; Ullerstig, A. Evaluation and future projections of temperature, precipita-

tion and wind extremes over Europe in an ensemble of regional climate simulations. Tellus Ser. A Dyn. Meteorol. Oceanogr. 2011,
63, 41–55. [CrossRef]

31. Ramanauskas, E.; Bukantis, A.; Dringelis, L.; Kaveckis, G.; Jonkutė-Vilkė, G. Climate Change and Cities of Lithuania: Threats,
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Abstract. In recent decades, rising winter and spring temperatures have led to an earlier onset of the grow-
ing season. However, this shift is often accompanied by false spring (FS) events – situations when the last 
spring frost (LSF) occurs after the start of the growing season (SGS). This study evaluates future changes in 
the recurrence and intensity of FS events in the eastern part of the Baltic Sea region. The SGS and LSF dates 
for each grid cell within the study area for each year were determined to identify FS events. An FS event was 
recorded when LSF occurred later than the SGS date. The intensity of FS events was assessed using growing 
degree days (GDD) accumulated until the event. Future projections were generated using five CMIP6 models 
(CanESM5, ACCESS-CM2, GFDL-CM4, MPI-ESM1-2-LR, and NorESM2-MM), two SSP scenarios (SSP2-
4.5 and SSP5-8.5), and data obtained from the NASA NEX-GDDP-CMIP6 dataset. The period from 1995 to 
2014 was used as the baseline, and projections were made for the years 2041–2060 and 2081–2100. Analysis 
showed that SGS and LSF dates are projected to shift significantly earlier under all models and scenarios. 
However, FS recurrence projections are less consistent. Most models indicate a decline in FS events by mid-
century, while forecasts for 2081–2100 are mixed – two models suggest an increase, while the other three sug-
gest a decrease. The mean GDD sum accumulated until the FS event increases only when the frequency of FS 
events is projected to rise, suggesting that future FS events may be more intense.
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IntroductIon

In recent decades, under warming climate con-
ditions, due to increased air temperatures in winter 
and spring months, the growing season in various re-
gions of the Northern Hemisphere has been starting 
increasingly earlier (Jeong et al. 2011; Allstadt et al. 
2015; Xia et al. 2015; Zhu et al. 2019; Wang et al. 
2021). This results in a longer growing season and 
may offer potential benefits for the agricultural sector 
(Peltonen-Sainio et al. 2009; Peterson, Abatzoglou 
2014; Grigorieva  et al. 2023). However, it was al-
ready observed in the early 1980s that despite the ear-
lier start of the growing season due to climate change, 
the risk of spring frosts does not decrease and may 
even increase (Cannell, Smith 1986), creating favour-

able conditions for a compound climate event known 
as a ‘false spring’ (Zscheischler et al. 2020). A false 
spring occurs when unusually high temperatures in 
early spring trigger the onset of vegetation growth, 
followed by a cold period during which the daily min-
imum air temperature drops below 0 °C (Ault et al. 
2013; Chamberlain et al. 2019).

False spring events primarily affect fruit trees 
(Jarzyna 2021; Bateman 2022; Bosdijk et al. 2024). 
During the leaf emergence and blooming stages of 
fruit trees, frosts are especially dangerous (Rodrigo 
2000; Crassweller 2024) and can result in the loss of 
a large part or even the entirety of the harvest, caus-
ing economic losses that may reach several billion 
euros (Faust, Herbold 2017; Ma et al. 2019; Bateman 
2022). However, these compound climate events 
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cause harm not only to plants. The indirect negative 
impacts of false springs are also felt in other areas. 
They can threaten ecosystem services, making infor-
mation about these events and their potential effects 
and damages important for various institutions, such 
as national parks (Monahan et al. 2016; Martinuzzi 
et al. 2019).

False spring events can also indirectly affect vari-
ous ecosystems – for example, by disrupting bird 
migration cycles and reducing food availability, es-
pecially when accompanied by snowfall or ice for-
mation (Bateman 2022). The development of leaves 
and flowers stimulates the flow of sap, nectar, and 
nutrients in plants. It provides shelter and food for 
various organisms. A false spring event disrupts this 
entire system, causing harm to various plant and 
animal species. For example, repeated false spring 
events over several consecutive years contributed to 
the extinction of Edith’s checkerspot butterfly species 
in the Sierra Nevada in the late 20th century (Gross-
man 2014).

Various climatic, geographic, and biological fac-
tors determine the recurrence, intensity, and potential 
adverse effects of false spring events. The primary 
geographic factors are the distance from large water 
bodies (seas, oceans) and terrain. Also critical are 
the average spring air temperature and prevailing at-
mospheric circulation patterns and anomalies (Ma et 
al. 2019; Cook et al. 2020; Chamberlain et al. 2021; 
Hájková et al. 2023). Nevertheless, plant species are 
the most critical factor in determining the strength of 
a false spring (Ball et al. 2011; Chamberlain et al. 
2019; Baumgarten et al. 2023). A plant’s cold tol-
erance depends on its species – some are damaged 
when temperatures fall below –2.2 °C, while others 
can withstand temperatures below –8.5 °C (Cham-
berlain et al. 2021). Another critical factor dependent 
on species is a plant’s ability to recover after experi-
encing a false spring event (Augspurger 2013; Baum-
garten et al. 2023; Muffler et al. 2024). The unequal 
impact of these events on different species and their 
differing abilities to recover means some plants may 
gain a competitive advantage (Hufkens et al. 2012). 
This may lead to negative ecological consequences 
and contribute to shifts or reductions in species dis-
tribution ranges (European Climate Risk Assessment 
2024).

Various indicators can be used to assess the in-
tensity of false spring (FS) events and their potential 
impact on plants. One of the most applied measures is 
the sum of growing degree days (GDD), accumulated 
until the FS event (Chamberlain, Wolkovich 2023). 
The GDD assesses the amount of heat required for a 
plant to reach a particular developmental stage (Miller 
et al. 2001). The method is based on the principle that 

plant growth begins once temperatures exceed a cer-
tain base threshold, with higher temperatures leading 
to more rapid plant development (Miller et al. 2001; 
Chun, Changnon 2019). This approach is widely ap-
plied to model and predict various phenological stages 
of plants (McMaster, Wilhelm 1997; Clark, Thomp-
son 2010; Wang et al. 2025) and to evaluate the ef-
fects of frost on species (Wypych et al. 2017; Chun, 
Changnon 2019; Qiu et al. 2024). The use of GDD is 
appropriate as air temperature is the primary factor 
directly determining plant development. Another ad-
vantage of this method is its practicality – GDD can 
be applied even in cases where field measurements 
are not feasible, as it only requires air temperature 
data (Bhatti et al. 2025).

Despite climate warming, the risk of false spring 
events persists in various regions – the number of 
frost days during the growing season has increased 
across 43% of the Northern Hemisphere (Liu et al. 
2018). The persistence or even rise in the risk of false 
spring events has also been confirmed in regional 
studies (Allstadt et al. 2015; Jarzyna 2021; Bosdijk 
et al. 2024; Zahradníček et al. 2024). Therefore, in 
recent years, more attention has been paid to assess-
ing changes in the recurrence and intensity of these 
compound climate events across different parts of the 
Northern Hemisphere (Ma et al. 2019; Martinuzzi et 
al. 2019; Zhu et al. 2019; Helali et al. 2022; Ford 
et al. 2025). Despite that, no studies have examined 
future changes in false spring event characteristics in 
the Baltic States. Only the recurrence and intensity of 
these compound climate events for the 1950–2022 pe-
riod have been assessed (Klimavičius, Rimkus 2024). 
In Poland, more detailed analyses have examined the 
recurrence and intensity of these events as well as 
the atmospheric circulation conditions driving their 
occurrence (Graczyk, Szwed 2020; Koźmiński et al. 
2023; Nidzgorska-Lencewicz et al. 2024; Piotrowski, 
Bartoszek 2025), but projections for the future have 
not been made there either.

The primary objective of this study is to evaluate 
the potential changes in the recurrence and intensity 
of false spring (FS) events by the middle and end of 
the 21st century in the eastern Baltic Sea region. In 
the first part of the study, the median dates of the start 
of the growing season (SGS) and the last spring frost 
(LSF), FS event recurrence, and the sums of accumu-
lated growing degree days up to the FS event were 
evaluated for the baseline period of 1995–2014. The 
second part assesses projected changes in the SGS and 
LSF dates. The third part discusses projected changes 
in the recurrence of FS events by the mid and late 21st 
century compared to the baseline period. Finally, the 
last part is devoted to assessing the projected changes 
in the intensity of these compound climate events.
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dAtA And MethodS

Study area

FS events were investigated in the eastern part of 
the Baltic Sea region (from 53.5° to 59.5° N latitude 
and from 20° to 28.5° E longitude) (Fig. 1).

The study area is located in the temperate climate 
zone and, according to the updated Köppen–Geiger 
climate classification, is classified as the Dfb climate 
type (Beck et al. 2018). The eastern part of the Bal-
tic Sea region is situated in an excessive moisture 
zone – annual precipitation exceeds evaporation 
(Kilkus, Stonevičius 2011). Therefore, the main fac-
tor determining the start of the growing season is air 
temperature. In the study area, the average spring 
(March–May) temperature ranges from 3.5 °C in 
north-western Estonia to 7 °C in the southern part of 
the study area (Klimavičius, Rimkus 2024).

data

FS events were first assessed using ERA5 reanalysis 
data of daily minimum (tmin) and average (tavg) air tem-
peratures for the period from 1995 to 2014, covering 
the months from January to June. The grid size of the 
data is 0.25° × 0.25°. Only grids with more than half of 
their area covered by land were analysed. The ERA5 
reanalysis of air temperature data in mid-latitude areas 
with a well-developed meteorological station network 
and without steep elevation changes (e.g., mountains) 
shows a strong correlation with ground-based observa-
tions (McNicholl et al. 2022; Velikou et al. 2022; Xu 
et al. 2022; Liu et al. 2024). This is due to the assimi-
lation of modelled and meteorological station data in 
creating reanalysis datasets (Hersbach et al. 2020).

To assess future changes in FS event recurrence, 
tmin and tavg data from various Coupled Model Inter-
comparison Project Phase 6 (CMIP6) general circula-
tion models (GCMs) were used. The data were ob-
tained from the NASA Earth Exchange (NEX) Global 
Daily Downscaled Projections database (NEX-GD-
DP-CMIP6), which uses the same 0.25° × 0.25° grid 
size as ERA5. This database provides historical data 
for the period 1950–2014 and climatic projections for 
the years 2015–2100.

Although the NEX-GDDP-CMIP6 database con-
tains data from 35 different CMIP6 models, only 
five were selected for this study: CanESM5, AC-
CESS-CM2, GFDL-CM4, MPI-ESM1-2-LR, and 
NorESM2-MM (Table 1). These models were cho-
sen based on equilibrium climate sensitivity (ECS), 
which indicates that the global surface temperature 
increases when atmospheric CO2 concentration is 
doubled relative to pre-industrial levels (Hausfather 
2018). The ECS values of the models used in this 
study range from 2.5 °C to 5.6 °C (Table 1), thus rep-
resenting different parts of the sensitivity spectrum 
(Hausfather 2019).

The NEX-GDDP-CMIP6 database includes data 
for four Shared Socioeconomic Pathways (SSP) sce-
narios. However, only two scenarios were used in 
this study – SSP2-4.5 and SSP5-8.5 – representing 
medium (radiative forcing increase of 4.5 W/m² by 
2100) and high (radiative forcing increase of 8.5 W/
m²) future changes, respectively (Chen et al. 2021).

The NEX-GDDP-CMIP6 database was selected 
for several reasons. First, bias correction was applied 
during its development to better reflect the conditions 
at specific locations and align the modelled data more 
closely with historical climatological data (Thrasher et 
al. 2022). Another issue with using raw CMIP6 GCM 
data is the low and uneven spatial resolution (typically 
80–250 km), which is unsuitable for regional-scale 
studies (ECMWF 2021). This problem is addressed in 
the NEX-GDDP-CMIP6 dataset by downscaling all 
models to a uniform 0.25° × 0.25° (~ 25 km) resolution 
(Thrasher et al. 2022). Lastly, this database has been 

Fig. 1 The map of the study area

table 1 General circulation models (GCMs) used in the 
study and their equilibrium climate sensitivity (°C)

Institution and Country of 
Origin Model ID

Equilibrium 
climate sensi-

tivity (°C)
Canadian Centre for 
Climate Modelling and 
Analysis, Canada

CanESM5 5.6

CSIRO-BOM, Australia ACCESS-CM2 4.7
Geophysical Fluid Dynam-
ics Laboratory, USA GFDL-CM4 3.9

Max Planck Institute for 
Meteorology, Germany MPI-ESM1-2-LR 3.0

Norwegian Climate Centre, 
Norway NorESM2-MM 2.5
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GDD = tavg – tbase (1),
where tavg is the daily average air temperature, and 
tbase is the threshold temperature. If on a given day  
tavg < tbase, then tavg is set equal to tbase (McMaster, Wil-
helm 1997).

Depending on the plant species, tbase may vary 
(Anandhi 2016; Kukal, Irmak 2018; Giolo et al. 
2021). However, this study used tbase = 5 °C as this 
threshold is most suitable for crops in cooler and mid-
latitude climates, especially cereals (Ruosteenoja et 
al. 2016). Moreover, the same 5 °C threshold was 
used to determine the SGS.

To assess FS event intensity, these compound 
climatic events were categorised into three intensity 
categories based on the GDD accumulated before the 
event:

• Gdd1: 0 °C < GDD ≤ 100 °C;
• Gdd2: 100 °C < GDD ≤ 200 °C;
• Gdd3: GDD > 200 °C.
The higher the intensity category, the more severe 

the event. The study assessed how the accumulated 
GDD before FS events and the share of events in each 
intensity category will change by the mid- and late-
21st century.

reSultS

SGS, lSF dates, and FS events in 1995-2014

Using ERA5 data, the dates of SGS and LSF, as 
well as FS events and their spatial distribution were 
assessed during the baseline period of 1995–2014. 
The 12th of April was the median SGS date over the 
two decades in the study area. A latitudinal pattern is 
apparent in the spatial distribution of the median SGS 
date. The earliest median SGS date was recorded in 
the south-western and southern parts of the study area 
(30 March), while the latest occurred in the northern 
part (24 April) (Fig. 2a).

During 1995–2014, the LSF date occurred nearly 
two weeks later than the SGS date, with a median of 
25April. A spatial pattern is also evident in the me-
dian LSF date, with the northern part of the study area 
showing LSF occurring 10–15 days later than in the 
south. However, the distance from the Baltic Sea was 
the primary factor influencing the spatial variation in 
LSF date. Grid cells located along the coast in west-
ern Lithuania had the earliest LSF dates, with a me-
dian date of 4 April. In contrast, the latest LSF date 
was observed in central Estonia (5–6 May) (Fig. 2b).

The distance from the Baltic Sea was also the 
main factor determining the spatial distribution of FS 
events during 1995–2014. Due to LSF occurring ear-
ly in coastal regions, these areas recorded the fewest 
FS events – only 1–2 per decade, with none recorded 
in some grid cells. As the distance from the Baltic 

widely used in studies of extreme hydrometeorological 
events in various regions (Rao et al. 2024; Sun et al. 
2024; Talchabhadel et al. 2025), including analyses of 
spring frosts (Ford et al. 2025).

The period from 1995 to 2014 was selected as 
the baseline period in this study, as it is also used for 
the same purpose in the IPCC AR6 report (Chen et 
al. 2021). Projections were made for two future pe-
riods – mid-century (2041–2060) and end-century 
(2081–2100).

Definition of the start of the growing season and 
the last spring frost

The SGS and LSF dates were determined annu-
ally for each grid cell in the study area to identify 
FS events and assess future changes. Multiple defi-
nitions of vegetation season can be found, including 
the “growing”, “phenological”, “productive”, and 
“meteorological” seasons (Körner et al. 2023). This 
study adopted the “meteorological season” definition. 
It identifies the window of opportunity during which 
meteorological conditions are favourable for growth, 
and the SGS is determined based on a threshold av-
erage daily air temperature and, in some cases, soil 
moisture values (Körner et al. 2023). According to 
the method proposed by SMHI (SMHI 2025), SGS is 
defined as the first day of six consecutive days with 
tavg > 5 °C. The SGS calculations begin on the day of 
the year when the 10-day running average of air tem-
perature reaches a minimum value. A 5 °C threshold 
has also been used in studies in Northern and Central 
Europe (Carter 1998; Vitasse, Rebetez 2018; Miś, 
Tomczyk 2025), as it was found that in Northern Eu-
ropean countries, this temperature threshold marks 
the start of noticeable growth in many plant species 
(trees, natural vegetation, crops) (Carter 1998).

The LSF is defined as the last day from January 
to June when the minimum temperature (tmin) drops 
below 0 °C. At this temperature, most plant physi-
ological processes are disrupted (Ceglar et al. 2019), 
and damage may occur to fruit trees and agricultural 
crops (FAO 2024). The changes in SGS and LSF dates 
were assessed for each grid cell by comparing the base 
(1995–2014) with the 2041–2060 and 2081–2100 peri-
ods. The statistical significance of the observed chang-
es was evaluated using the Student’s t-test. Changes 
were considered statistically significant if p < 0.05.

Definition of false spring events

The FS event was identified in a given grid cell if 
the LSF occurred after the SGS. Changes in the future 
frequency and spatial distribution of these compound 
events were assessed. FS event intensity was also evalu-
ated using accumulated GDD before the event (Eq. 1):
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Sea increased, so did the frequency of FS events. The 
highest number of these compound climate events 
(9.5 per decade) occurred in the eastern and south-
eastern parts of the study area (Fig. 2c).

The GDD sum accumulated until the FS event was 
also assessed (Fig. 2d). The median value of this vari-
able in the study area was approximately 58.5 °C. The 
highest GDD sums were observed in the southern part 

Fig. 2 Median SGS date (DOY) (a), median LSF date 
(DOY) (b), number of FS events per decade (c), and me-
dian GDD sums (°C), accumulated until FS events (d) dur-
ing 1995–2014

Fig. 3 Box plots of SGS date changes (in days), comparing 2041–2060 (a) vs 1995–2014 and 2081–2100 vs 1995–2014 
(b) based on five different CMIP6 models under two SSP scenarios. Green indicates the SSP2-4.5 scenario, and red rep-
resents SSP5-8.5

of the study area (95–102 °C), whereas coastal areas 
showed the lowest values for this variable, indicating 
weaker FS event intensity (Fig. 2d).

Future projections of SGS and lSF dates

Using data from five different CMIP6 models un-
der the SSP2-4.5 and SSP5-8.5 scenarios, a signifi-
cant shift of SGS toward earlier dates was identified 
for the periods 2041–2060 and 2081–2100, compared 
to the baseline period of 1995–2014. 

By 2041–2060, the SGS is projected to advance 
by 5–14.5 days under SSP2-4.5 and by 3–17.5 days 
under SSP5-8.5 (Fig. 3a). This advancement is evi-
dent across more than 90% of the study area. Except 
for the NorESM2-MM model, the SSP5-8.5 scenario 
consistently shows a 2–6 days earlier SGS compared 
to SSP2-4.5.

By the end of the 21st century, SGS dates are ex-
pected to shift even earlier. Under SSP2-4.5, SGS 
is projected to occur 9.5–27 days earlier, and under 
SSP5-8.5, 21–43 days earlier than during 1995–2014 
(Fig. 3b). All models and both scenarios show statisti-
cally significant SGS advances across the entire terri-
tory, except for MPI-ESM1-2-LR and NorESM2-MM 
projections under the SSP2-4.5 scenario. The most 
prominent changes are projected using the CanESM5 
and GFDL-CM4 models, which are characterised by 
high ECS values.

Similar trends were found for the LSF dates 
(Fig. 4). In 2041–2060, LSF is expected to occur 8–22 
days earlier under SSP2-4.5 and 5.5–26.5 days earlier 
under SSP5-8.5, depending on the model (Fig. 4a). 
However, the scenario-driven differences are less 
consistent: only three models (CanESM5, GFDL-
CM4, and MPI-ESM1-2-LR) project greater changes 
under SSP5-8.5 than under SSP2-4.5.

By 2081–2100, LSF is projected to shift 7–38 days 
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earlier under SSP2-4.5 and 14–53.5 days earlier un-
der SSP5-8.5. Although the trend of earlier LSF per-
sists, for some models (ACCESS-CM2 under SSP2-
4.5 and NorESM2-MM under both scenarios), the 
change affects a smaller portion of the area compared 
to mid-century (Fig. 4b). Nevertheless, all models 
show greater average LSF shifts under SSP5-8.5 than 
under SSP2-4.5. The most significant and widespread 
shifts – statistically significant (p < 0.05) across the 
entire study area – are projected by CanESM5 under 
both scenarios and periods.

Future projections of false spring events

Unlike the projections for SGS and LSF dates, 
future changes in the recurrence of FS events show 
no consistent pattern and are more uncertain. Under 
the SSP2-4.5 scenario for 2041–2060, most models 
project a decrease in FS events across much of the 
study area, with the most significant decline (96.4%) 
expected using CanESM5 model data (Fig. 5a). 

By 2081–2100, an apparent decrease under SSP2-
4.5 is projected only by three models (CanESM5, 

Fig. 4 Box plots of LSF date changes (in days), comparing 2041–2060 (a) vs 1995–2014 and 2081–2100 vs 1995–2014 
(b) based on five different CMIP6 models under two SSP scenarios. Green indicates the SSP2-4.5 scenario, and red rep-
resents SSP5-8.5

Fig. 5 Changes in FS event frequency (number of occurrences) comparing the periods 2041–2060 vs 1995–2014 (a–e) and 
2081–2100 vs 1995–2014 (f–j), based on SSP2-4.5 scenario data from different CMIP6 models. Dots indicate grid cells 
with statistically significant changes according to the Student’s t-test (when p < 0.05)

131



166

conditions will favour the formation and increase in the 
intensity of FS events. Under the SSP2-4.5 scenario, 
projections for 2041–2060 suggest a decreasing differ-
ence between these dates in over half of the study area 
across all five CMIP6 models, with the highest mean 
reduction (4.2 days) forecasted by the MPI-ESM1-
2-LR model (Table 2). However, by 2081–2100, the
agreement between models is projected to weakens.
CanESM5 and MPI-ESM1-2-LR project a further de-
crease (up to 12.6 days on average), while ACCESS-
CM2 and GFDL-CM4 suggest a growing difference
between LSF and SGS dates, indicating more favour-
able conditions for FS development.

Similar inconsistencies appear under the SSP5-8.5 
scenario. By mid-century, four models (except ACCESS-
CM2) predict a narrowing LSF–SGS gap, whereas by 
the century’s end, ACCESS-CM2 and NorESM2-MM 
project an increase in the difference between these dates, 
with the most significant change expected (by 17.3 days 
on average) using the ACCESS-CM2 model’s data.

Changes in the GDD accumulated before FS events 
align well with the observed patterns in changes of 
LSF–SGS: a smaller difference between these two 
dates corresponds to lower GDD. For 2041–2060, 
most models project reduced GDD sums, particularly 
under CanESM5 and MPI-ESM1-2-LR (down by, on 
average, 25.6–42.5 °C depending on the scenario). 
By 2081–2100, the reduction in the mean GDD sum 
accumulated until FS events is even higher in these 
models, while ACCESS-CM2 and NorESM2-MM 
predict increases up to 37.1 °C.

GFDL-CM4, and MPI-ESM1-2-LR), while AC-
CESS-CM2 and NorESM2-MM show an increase 
of over 55% of the area (Fig. 5f–j). In most cases, 
changes under SSP2-4.5 are small, with statistically 
significant results in more than 10% of the study area 
only for CanESM5 and MPI-ESM1-2-LR.

Under SSP5-8.5, similar patterns emerge. For the 
period between 2041 and 2060, most models (except 
NorESM2-MM) project a decline in FS events, al-
though only CanESM5 and MPI-ESM1-2-LR exhibit 
statistically significant decreases in over 20% of the 
area (Fig. 6a–e). However, for 2081–2100, three mod-
els (CanESM5, GFDL-CM4, and MPI-ESM1-2-LR) 
show a broad decline (over 94% of the area), while 
the other two (ACCESS-CM2 and NorESM2-MM) 
project increases in over half of the territory (Fig. 6f–j). 
The most significant and widespread changes, includ-
ing statistically significant ones (up to 52.3% of grid 
cells), are again projected by CanESM5 (Fig. 6f).

In both periods and scenarios, the most significant 
increases and decreases are projected along the Baltic 
Sea coast, while the inland regions in the eastern part 
of the study area show minor, mostly non-significant 
changes. Overall, the most pronounced deviations 
from the 1995–2014 baseline are projected for 2081–
2100 under SSP5-8.5 (Fig. 6f–j).

Intensity of false spring events

Changes in the difference between LSF and SGS 
dates were analysed to assess whether future climate 

Fig. 6 Same as Figure 5, but for the SSP5-8.5 scenario
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Lastly, projections of FS events belonging to 
different intensity categories for the period 2081–
2100 also vary (Fig. 7). According to data from the 
CanESM5 and MPI-ESM1-2-LR models, fewer FS 
events are expected to fall into the highest intensity 
category (GDD3), with none anticipated under SSP5-
8.5. In contrast, ACCESS-CM2 and NorESM2-MM 
foresee an increase in high-intensity events, espe-
cially under SSP5-8.5, where over one-third of FS 
events fall into the GDD3 category. Models project-
ing more FS events also anticipate greater intensity, 

while those projecting fewer events indicate a decline 
in the severity of these events.

dIScuSSIon

During this research, a clear trend of SGS date 
advancement was identified across the entire study 
area for the mid- and late-21st century. Such a trend 
was observed in almost all grid cells, regardless of 
climate model and SSP scenario. It was also found 
that the changes are statistically significant in most 

table 2 Percentage of the study area where, based on five different CMIP6 models and two SSP scenarios (SSP2-4.5 
and SSP5-8.5), the difference between LSF and SGS dates is projected to decrease, increase, or remain unchanged in the 
periods 2041–2060 and 2081–2100 compared to the baseline period 1995–2014, along with the mean change in this dif-
ference (in days), and the change in mean GDD sums (°C) accumulated before FS events

Model Period

SSP2-4.5 scenario SSP5-8.5 scenario

Decrease, 
%

Increase, 
%

No 
change, 

%

Mean 
change of 
LSF−SGS, 

days

Mean 
change 

of GDD, 
°C

Decrease, 
%

Increase, 
%

No 
change, 

%

Mean 
change of 
LSF−SGS, 

days

Mean 
change 

of GDD, 
°C

CanESM5
2041−2060 78.4 16.2 5.5 −4.9 −25.6 97.6 1.5 1.0 −12.9 −42.5
2081−2100 93.4 4.9 1.8 −12.6 −30.7 88.8 10.8 0.6 −10.1 −31.4

ACCESS-
CM2

2041−2060 57.0 39.0 4.0 −0.9 −14.9 17.1 81.3 1.6 4.3 5.0
2081−2100 10.5 87.9 1.6 6.5 14.6 2.5 97.5 0.0 17.3 35.3

GFDL-CM4
2041−2060 53.8 43.2 3.0 −0.9 −8.8 56.2 40.9 2.8 −1.8 −31.2
2081−2100 23.5 75.1 1.3 6.1 1.6 72.4 25.5 2.1 −5.1 −30.5

MPI-ESM1-
2-LR

2041−2060 70.0 23.7 6.4 −4.2 −27.9 91.3 6.0 2.8 −8.9 −36.8
2081−2100 88.5 8.1 3.6 −9.2 −32.1 91.3 7.6 1.2 −10.8 −36.9

NorESM2-
MM

2041−2060 56.7 39.4 3.9 −2.0 −21.4 61.8 34.3 3.9 −2.2 0.9
2081−2100 49.8 47.7 2.5 0.4 3.8 31.9 64.5 3.6 5.1 37.1

Fig. 7 Percentage of FS events belonging to different intensity categories (%), based on data from five CMIP6 models for 
1995–2014 and 2081–2100. Projections for 2081–2100 are based on SSP2-4.5 and SSP5-8.5 scenarios. More details on 
intensity categories are provided in Section 2.4
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cases, with the most pronounced advancement of the 
SGS date projected for 2081–2100 under the SSP5-
8.5 scenario. According to data from various climate 
models, by the end of the 21st century, the SGS date 
is expected to shift, on average, 3 to 6 weeks earlier 
than during the base period of 1995–2014. Similar 
trends of SGS date advancement are also projected 
in various regions of the Northern Hemisphere (Xia 
et al. 2015; Zhu et al. 2019). Ruosteenoja et al. (2016) 
found that under a pessimistic scenario, the SGS 
date in Europe could become 1 to 1.5 months ear-
lier. An average advancement of 1.5 to 3.5 weeks by 
the end of the 21st century is also projected in Poland 
(Marcinkowski et al. 2023; Szyga-Pluta et al. 2023), 
while in Estonia, the growing season is expected to 
begin 1 to 1.5 months earlier by 2100 than in 1990 
(Saue et al. 2015). Such SGS changes in the future are 
linked to the projected rise in the average air tempera-
ture. Therefore, the derived SGS date and its changes 
only reflect how the “window of opportunity” for the 
potential start of the growing season is expected to 
shift (Körner et al. 2023).

Similar to the changes in the SGS date, the LSF 
date will also shift earlier in the future, and this ten-
dency is expected in the majority of grid cells. De-
pending on the model and scenario, by the middle of 
the 21st century these changes are expected to range 
from five days to nearly four weeks. By the end of the 
21st century, the advancement of the LSF date is even 
greater. Compared to the 1995–2014 period, the LSF 
date is expected to shift earlier from one to six weeks 
on average. Similar to changes in the SGS date, the 
rise in tmin values resulting from anthropogenic climate 
change is the primary reason for the advancement of 
the LSF date. A shift in the LSF date to earlier has 
also been projected for other regions of the Northern 
Hemisphere, both in the near future and by the end 
of the 21st century (Charalampopoulos, Droulia 2022; 
Helali et al. 2022; Chen et al. 2024; Ford et al. 2025).

During the assessment of changes in SGS and 
LSF dates, it was observed that the CanESM5 model 
projects the most pronounced advancement of these 
dates. In contrast, the modest changes occurred while 
using the NorESM2-MM model’s data. Depending 
on the period and SSP scenario, the CanESM5 model 
projects changes 7–22 days greater than those of the 
NorESM2-MM model. For LSF dates, this differ-
ence is even more pronounced, ranging from 14 to 
39.5 days. This variability is primarily attributed to 
differences in ECS values among the models, with 
CanESM5 exhibiting the highest ECS values, and 
NorESM2-MM the lowest of the models assessed in 
this study (Table 1).

Although an overall shift to earlier dates is expect-
ed, individual models show different magnitudes of 
change in SGS and LSF. Some models project a larger 

advancement in SGS compared to LSF, while others 
show a greater shift in LSF. These differences are re-
flected in the projected changes between the LSF and 
SGS dates. For the period between 2041 and 2060, 
all models project a reduction in this difference under 
the SSP2-4.5 scenario. Under the SSP5-8.5 scenario, 
a similar trend is projected by four out of five models 
used in this study. By the end of the century, a de-
crease in the mean difference between LSF and SGS 
dates is projected by two models under SSP2-4.5 and 
by three models under SSP5-8.5. In these cases, the 
LSF date is expected to advance more than the SGS 
date, implying less favourable conditions for the for-
mation of FS events. However, the remaining models 
suggest an increase in the difference between LSF 
and SGS dates, indicating a more rapid advancement 
of the SGS date compared to the LSF date.

The different rates of change in LSF and SGS dates 
have been predicted to result in projected changes 
in the recurrence of FS events showing no consist-
ent pattern, unlike those in SGS or LSF dates. It has 
been observed that according to model scenarios that 
predict a decrease in the difference between LSF and 
SGS dates, the number of FS events will also be low-
er in most cases in the future, and vice versa. There-
fore, in this case, the ECS values of the models, un-
like when assessing changes in SGS and LSF dates, 
are not so essential in determining the magnitude of 
future changes. If a more rapid temperature increase 
is projected for the end of winter or early spring, the 
number of FS events may rise; however, if more sig-
nificant warming is expected in the second half of 
spring, the number of FS events may decrease.

For the period between 2041 and 2060, most mod-
els indicate a decreasing trend in the number of FS 
events. Meanwhile, by the end of the 21st century, 
these compound climate events are projected to in-
crease according to two models and decrease accord-
ing to the remaining three. However, in most cases, 
the projected changes are not substantial. Similar FS 
event projections have also been observed in other 
regions, which are characterised by high uncertainty 
and the absence of a unified trend. In some areas, an 
increase in the number of these events is expected, 
while in others a decrease is projected (Allstadt et al. 
2015; Martinuzzi et al. 2019; Lhotka, Brönnimann 
2020; Masaki 2020; Mallard et al. 2023). Therefore, 
forecasting future changes in FS events remains a 
complex task (Allstadt et al. 2015).

The mean changes in the difference between LSF 
and SGS dates are consistent with changes in the 
mean sums of GDD accumulated before FS events. 
It was found that as the difference between LSF and 
SGS decreases, the amount of GDD accumulated be-
fore an FS event also declines. The intensity of FS 
events was also assessed by classifying these events 

134



169

into three intensity categories based on the sum of 
GDD accumulated until the event. The tendency was 
observed where models predicting an increase in the 
number of FS events also forecast an increase in the 
intensity of these compound climate events. An in-
creasing intensity of FS events is also projected for 
France (Vautard et al. 2023), certain regions of China 
(Chen et al. 2024), and south-eastern Europe (Char-
alampopoulos, Droulia 2022). However, according 
to the remaining models used in this study, which 
project a decrease in FS events, the intensity of these 
compound climate events is expected to diminish.

In this study, FS events were assessed using a me-
teorological approach – this approach was employed 
to determine the SGS date and to evaluate the intensity 
of FS events. However, the risk and potential damage 
of FS events also depend on other factors, primarily 
the plant species, precipitation levels, soil moisture, 
local topography, and other variables (Chamberlain 
et al. 2019; Ma et al. 2019). Therefore, to improve the 
prediction of these compound climate events, future 
studies should consider the influence of these vari-
ables.

Furthermore, the intensity of FS events was eval-
uated based on the sum of GDD accumulated prior 
to an FS event. By doing this, a widely accepted as-
sumption was applied, whereby a higher accumula-
tion of GDD corresponds to greater potential damage 
caused by an FS event. This assumption is appropri-
ate, as it has been proven that the accumulated GDD 
sum determines the plant developmental stage, and 
the later in spring the FS event occurs, the more se-
vere the damage it causes (Miller et al. 2001; Chun, 
Changnon 2018; Qiu et al. 2024; Bhatti et al. 2025). 
However, the GDD method has limitations. In this 
study, tbase = 5 °C was applied for the calculation of 
GDD; however, to assess the impact of FS events on 
specific plant species more accurately, different tbase 
values should be considered (Chamberlain, Walko-
vich 2023). Finally, plant development depends not 
only on temperature and GDD but also on moisture 
availability. When moisture levels are low, even if 
the required GDD sum has been reached, the particu-
lar phenological stage may not be reached and, as a 
result, the damage caused by an FS event may vary 
accordingly (Miller et al. 2001).

Another limitation encountered in this study is the 
spatial resolution of grid cells (~ 25 km), which may 
be too coarse to evaluate local-scale changes. Finally, 
the NEX-GDDP-CMIP6 dataset used in this study 
also has some limitations. The BCSD bias correction 
method used to produce this dataset is based on the 
assumption that the spatial climate patterns observed 
between 1960 and 2014 will persist unchanged in 
the future. It also retains the original trend slopes of 
GCM projections, thereby maintaining the rate of 

change defined by the original scenario. Although the 
method includes bias correction and offers finer spa-
tial resolution, it only applies linear adjustments to 
projection offsets, which may not adequately reflect 
the nonlinear dynamics of climate systems (Thrasher 
et al. 2012). Furthermore, since a constant bias across 
different distribution quantiles is assumed, future ex-
tremes may remain inadequately assessed (Zhang et 
al. 2024).

concluSIonS

During this study, future projections of FS events 
recurrence and intensity in the eastern part of the Bal-
tic Sea region were developed using the data from 
five different CMIP6 models and two SSP scenarios 
(SSP2-4.5 and SSP5-8.5). These projections were 
generated for 2041–2060 and 2081–2100. Changes in 
SGS and LSF dates were also evaluated.

According to all five climate models and two SSP 
scenarios, the SGS date is projected to advance in the 
future compared to the 1995–2014 reference period. 
During 2041–2060, the SGS date, depending on the 
model, is expected to shift earlier by 5–14.5 days un-
der the SSP2-4.5 scenario and by 3–17.5 days under 
the SSP5-8.5 scenario. By 2081–2100, this change is 
projected to reach 9.5–27 days and 21–43 days, re-
spectively. A similar trend is also projected for the 
LSF date across all models used. In the mid-21st cen-
tury, the LSF date is expected to occur 8–22 days ear-
lier under SSP2-4.5 and 5.5–26.5 days earlier under 
the SSP5-8.5 scenario. By the end of the 21st century, 
these changes are projected to increase to 7–38 days 
and 14–53.5 days, respectively. The most significant 
changes in SGS and LSF dates are projected using 
the CanESM5 scenario data, which is characterised 
by the highest ECS value.

Both LSF and SGS dates are projected to shift 
earlier; however, the magnitude of these changes will 
vary depending on the climate model used. This vari-
ability results in the absence of a clear tendency in 
the projections of future FS events. For the period be-
tween 2041 and 2060, most models predict a general 
decline in the frequency of these compound climate 
events. However, for the period between 2081 and 
2100, only three models continue to project a decreas-
ing trend, while the remaining two predict an increase 
in the number of FS events. During the assessment of 
FS event intensity, it was observed that models and 
scenarios projecting a decline in FS event frequency 
also indicate a decrease in their intensity – and vice 
versa.

This study focused on future FS event projec-
tions in the eastern part of the Baltic Sea region for 
the first time. As such, it may serve as a foundational 
step toward more detailed and accurate forecasts and 
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the evaluation of risks posed by these events to fruit 
trees, crops, and other sectors. These insights could 
help create adaptation strategies to reduce the poten-
tial damage of FS events in a changing climate.
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