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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)
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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 
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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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