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We analysed climate projections for Estonia using a global warming level (GWL) based 
approach and the CMIP6 ensemble. We quantified regional responses of temperature, 
precipitation, and wind-speed related indicators as linear functions of GWL. In general, 
temperature-related indicators scale well with GWL. Annual mean air temperature in Esto-
nia rises by 1.5°C per 1°C of global warming (winter +1.9; summer +1.3). However, only 
a subset of changes in precipitation and wind-related indicators scale with GWL. Annual 
precipitation increases by 31 mm (4.6%) per 1°C of global warming, and extreme precipi-
tation intensifies. Mean wind speeds decline slightly in summer and autumn, while changes 
in wind extremes remain uncertain. The limited scalability of regional changes in precipi-
tation and wind-related indicators reflects uncertain atmospheric circulation responses to 
global warming.

Introduction

Climate change is creating growing challenges 
for societies worldwide, increasing the need for 
reliable climate projections to support adapta-
tion. The knowledge of changes in regional 
climate is essential for updating adaptation strat-
egies, adjusting infrastructure design standards, 
and informing long-term environmental policies 
in sectors such as agriculture, energy infrastruc-
ture, forestry, water management, and urban 
planning (Cradock-Henry et al. 2020, Snyder 
et al. 2024). Recently, presenting regional cli-
mate change information as a function of Global 
Warming Level (GWL, defined in Statistical 

methods section) has become the state of the art 
(Stammer et al. 2018, IPCC 2021: AR6 Ch10, 
Lafferty and Sriver 2023, Da Silva and Haerter 
2025, Ruosteenoja and Jylhä 2025).

Compared to scenario-dependent approaches, 
the GWL-based approach provides a more flex-
ible basis for climate change assessments (IPCC 
2021: AR6 Ch1). In the case of the GWL-based 
approach, each model contributes data once it 
reaches a given warming threshold, independent 
of its emissions scenario or climate sensitivity, 
thereby decoupling regional projections from 
scenario-specific assumptions. For example, 
Becsi and Formayer (2024) showed for Aus-
tria that regional warming increments between 
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an example of cold season precipitation in the 
Baltic Sea region, the stronger the global warm-
ing, the stronger the intensification of the atmos-
pheric water cycle (IPCC 2021, WGI Ch. 8), 
but at the same time, less/more cyclonic activity 
would also mean less/more precipitation. This 
illustrates why, based on scenario-following pro-
jections alone, it is challenging to distinguish 
whether the differences between projections of 
individual climate models are caused by dif-
ferent levels of global warming, differences in 
atmospheric circulation responses (Zappa and 
Shepherd 2017, Zappa 2019) or other reasons 
(Hawkins and Sutton 2009, Deser and Phillips 
2023).

Using the GWL-approach, model diversity 
of regional projections can be analysed at a 
fixed level of warming. Here, we scale the cli-
mate change in Estonia with the level of global 
warming using the CMIP6 ensemble (Eyring et 
al. 2016) to quantify the most robust responses 
in the climate of Estonia. This enables us to 
tease out other reasons for inter-model differ-
ences, including diverging circulation responses. 
As Estonia is a relatively small region, we also 
analyse regional changes in the Baltic Sea region 
for improved interpretation.

Material and methods

Selection of CMIP6 models

We use CMIP6 global climate models’ projec-
tions used in the Copernicus Interactive Climate 
Atlas (C3S Atlas) (CSIC 2023). There were 
39 models featured in the Atlas. We excluded 
models with the 360-day calendar format due to 
unification problems with other models. In total, 
we included 31 models (Table 1) available in the 
Amazon AWS CMIP6 archive (Amazon Web 
Services Open Data Program 2025).

The CMIP6 data used in this study were not 
bias-corrected. The use of raw CMIP6 model 
output is consistent with the approach adopted in 
IPCC AR6 and the IPCC Interactive Atlas, where 
regional changes are assessed using anomalies 
rather than bias-adjusted data. Our study focuses 
on scaling relationships between regional climate 
indicators and global warming levels (GWLs), 

GWLs remain relatively constant, independent 
of emission scenario and even of the chosen 
global climate model ensemble. Moreover, the 
GWL-based approach allows to analyse regional 
changes irrespective when in time given global 
warming level is reached.

Importantly, the GWL-based approach helps 
to reduce biases associated with so-called "hot 
models", which project stronger warming than 
the assessed likely range (Hausfather et al. 
2022). Alternatively, the hot models could be 
screened out based on the elevated Equilibrium 
Climate Sensitivity (ECS) or Transient Climate 
Response (TCR) values (Hausfather et al. 2022). 
Previous studies have shown that GWL-based 
approaches allow for the inclusion of the full 
Coupled Model Intercomparison Project Phase 
6 (CMIP6) ensemble while maintaining policy 
relevance and physical robustness (Hausfather et 
al. 2022, Goldenson et al. 2023).

Recent evaluations make a case for the use 
of the whole global model ensemble for analys-
ing regional changes in Northern Europe, noting 
that some high-ECS models demonstrate strong 
performance in simulating historical climate 
variability in the region (Goldenson et al. 2023, 
Palmer et al. 2023). Importantly, for multiple 
aspects of regional climate change in the Baltic 
Sea region, different climate models give quite 
different results (Christensen and Kjellström 
2018). Some of these conflicting results are 
likely explained by different climate sensitivi-
ties of individual global climate models. Some 
inter-model differences are likely explained by 
the uncertain response of the large-scale atmos-
pheric circulation to global warming (Zappa 
and Shepherd 2017), unforced internal climate 
variability (Hawkins and Sutton 2009, Deser and 
Phillips 2023), different physical parameteriza-
tions (García-Díez et al. 2015) and horizontal 
resolutions (Strandberg and Lind 2021) in differ-
ent models, among other possible explanations.

Atmospheric circulation responses to global 
warming are diverse (Shepherd 2014). For 
example, climate model projections of changes 
in cyclonic activity in specific subregions of the 
Baltic Sea region diverge: some models predict 
less, while others predict more cyclonic activ-
ity with global warming in the region (Shep-
herd 2014, Zappa and Shepherd 2017). Taking 
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the climate is close to the threshold. In this study, 
we interpret threshold-based results primarily in 
terms of the direction of change and sensitivity 
to GWL, rather than as impact-assessment-ready 
absolute frequencies.

To evaluate whether outlier models with unu-
sually high or low climate sensitivity system-
atically bias regional projections, we tested the 
influence of including climate models with a 
transient climate response (TCR) outside the 
likely (66% likelihood) range of 1.4–2.2°C and 
equilibrium climate sensitivity (ECS) outside the 
2.5–4°C range (Hausfather et al. 2022). Model-
specific ECS and TCR values are obtained from 
the AR6 supplementary materials (Smith et al. 

based on regression slopes within each model. 
Because the analysis is based on relative changes 
with respect to the pre-industrial baseline and the 
slope of change per °C of global warming, sys-
tematic mean-state biases do not directly affect 
the estimated scaling coefficients for param-
eters like temperature, precipitation, and wind. 
However, bias-corrected data can be more rel-
evant for threshold-based indices, where abso-
lute values relative to fixed thresholds determine 
event counts (e.g., frost- and ice-related day 
counts, tropical nights, and heating degree days). 
In such cases, a warm or cold bias may shift the 
baseline frequency of threshold exceedances and 
can influence absolute counts, particularly when 

Table 1. Equilibrium Climate Sensitivity (ECS) and Transient Climate Response (TCR) for CMIP6 models used 
in this study. For testing the influence of including all models  irrespective of their climate sensitivity, models are 
grouped into Normal (N), Hot (H)  and Cold (C), having N criteria 2.5–4 °C for ECS and 1.4–2.2 °C for TCR (Haus-
father et al. 2022). In Hot models, ECS and/or TCR are higher than the N criteria, and in Cold models, ECS and/or 
TCR are lower than the N criteria.

	 Model 	 ECS °C 	 TCR °C 	 ECS 	 TCR

	 ACCESS-CM2_r1i1p1f1 	 4.72 	 2.10 	 H 	 N 
	 AWI-CM-1-1-MR_r1i1p1f1 	 3.16 	 2.06 	 N 	 N 
	 BCC-CSM2-MR_r1i1p1f1 	 3.04 	 1.72 	 N 	 N 
	 CanESM5_r1i1p1f1 	 5.62 	 2.74 	 H 	 H 
	 CAMS-CSM1-0_r2i1p1f1 	 2.29 	 1.73 	 C 	 N 
	 CESM2-WACCM_r1i1p1f1 	 4.75 	 1.98 	 H 	 N 
	 CMCC-CM2-SR5_r1i1p1f1 	 3.52 	 2.09 	 N 	 N 
	 CMCC-ESM2_r1i1p1f1 	 3.57 	 1.97 	 N 	 N 
	 CNRM-CM6-1_r1i1p1f2 	 4.83 	 2.14 	 H 	 N 
	 CNRM-CM6-1-HR_r1i1p1f2 	 4.28 	 2.48 	 H 	 H 
	 CNRM-ESM2-1_r1i1p1f2 	 4.76 	 1.86 	 H 	 N 
	 EC-Earth3-AerChem_r1i1p1f1 	 3.90 	 2.10 	 N 	 N 
	 EC-Earth3-CC_r1i1p1f1 	 4.23 	 2.30 	 H 	 H 
	 EC-Earth3-Veg-LR_r1i1p1f1 	 4.31 	 2.62 	 H 	 H 
	 FGOALS-f3-L_r1i1p1f1 	 3.00 	 1.94 	 N 	 N 
	 FGOALS-g3_r1i1p1f1 	 2.88 	 1.54 	 N 	 N 
	 GFDL-ESM4_r1i1p1f1 	 2.60 	 1.60 	 N 	 N 
	 IITM-ESM_r1i1p1f1 	 2.37 	 1.71 	 C 	 N 
	 INM-CM4-8_r1i1p1f1 	 1.83 	 1.33 	 C 	 C 
	 INM-CM5-0_r1i1p1f1 	 1.92 	 1.41 	 C 	 N 
	 IPSL-CM5A2-INCA_r1i1p1f1 	 3.81 	 1.93 	 N 	 N 
	 IPSL-CM6A-LR_r1i1p1f1 	 4.56 	 2.32 	 H 	 H 
	 KIOST-ESM_r1i1p1f1 	 3.36 	 NA 	 N 	 NA 
	 MIROC6_r1i1p1f1 	 2.61 	 1.55 	 N 	 N 
	 MIROC-ES2L_r1i1p1f2 	 2.68 	 1.55 	 N 	 N 
	 MPI-ESM1-2-LR_r1i1p1f1 	 3.00 	 1.84 	 N 	 N 
	 MRI-ESM2-0_r1i1p1f1 	 3.15 	 1.64 	 N 	 N 
	 NESM3_r1i1p1f1 	 4.72 	 2.72 	 H 	 H 
	 NorESM2-LM_r1i1p1f1 	 2.54 	 1.48 	 N 	 N 
	 NorESM2-MM_r1i1p1f1 	 2.50 	 1.33 	 N 	 C 
	 TaiESM1_r1i1p1f1 	 4.31 	 2.34 	 H 	 H 
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2021). Applying these criteria retains 21 models 
(68% of the full ensemble) under the TCR 
threshold, after excluding two low-sensitivity 
("cold") models, seven high-sensitivity ("hot") 
models, and one model with an unknown TCR 
value. Under the ECS threshold, 16 models 
(52%) are retained, following the removal of 
four cold and eleven hot models. These reduced 
ensembles are subsequently compared with the 
full ensemble (Table 1, Fig. 1).

The resulting trends show close agreement 
across the model groups, as indicated by the 
similarity of the ensemble median slopes and the 
substantial overlap of their slope distributions 
(Fig. 1). This suggests that TCR-based filtering 
does not lead to meaningful differences in pro-
jected regional mean temperature (TG) scaling 
over Estonia. Similar behavior is found when 
applying the ECS filter (not shown), and apply-
ing both filters also yields nearly identical trends 
for annual precipitation (not shown). Given the 
limited subgroup sizes and the lack of strict 
statistical independence among climate models, 

we rely on descriptive comparison rather than 
formal hypothesis testing. As the central ten-
dencies and spreads are highly comparable, we 
include the full CMIP6 ensemble in our analysis, 
irrespective of the climate sensitivity of individ-
ual models.

Statistical methods

To assess the regional response of Baltic Sea 
region climate indicators to global warming, we 
applied a GWL-based approach using CMIP6 
model output. Changes in climate indicators were 
regressed against global mean near-surface air 
temperature anomalies, both referenced to the pre-
industrial baseline (1850–1900). GWLs were cal-
culated using a 20-year running mean of global 
temperatures. A simulation was considered to 
reach a given GWL when the midpoint of this 
smoothed anomaly first equalled or exceeded the 
respective threshold (e.g., 1.5°C, 2.0°C), consist-
ent with the IPCC AR6 methodology (IPCC 2021).

Fig. 1. Relationship between global warming level (GWL) and the change in annual mean temperature over the 
Estonian land area. Models are categorised as Hot, Cold, or Normal based on their Transient Climate Response 
(TCR) (see Methods). Each model’s trendline is shown in the colour of its category. Bold lines represent the median 
trend of each category, and shaded areas indicate each group’s P10–P90 range. 
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We analysed four Shared Socioeconomic 
Pathways (SSP) scenarios (SSP1-2.6, SSP2-4.5, 
SSP3-7.0, and SSP5-8.5), representing the Tier-1 
core scenarios in CMIP6 and IPCC AR6 that 
encompass the full range of plausible future 
forcing trajectories. Other scenarios (e.g. SSP1-
1.9, SSP4-3.4) were excluded due to limited 
model availability and incomplete temporal cov-
erage. Focusing on these four scenarios ensured 
consistency across models and enhanced the 
statistical robustness of the analysis.

Mean indicator values for the spatial mean 
over the Estonian land area were calculated 
for five time periods: 2000–2019, 2020–2039, 
2040–2059, 2060–2079, and 2080–2099. For 
each period, the corresponding GWL was deter-
mined. For each model, a linear regression with-
out intercept was applied between global tem-
perature anomalies and changes in regional cli-
mate indicator values, following Milovac et al. 
(2024). This method assumes no regional change 
at 0°C of global warming. Each model contrib-
uted a single slope per indicator, calculated over 
all available 20-year periods and SSPs. If all four 

SSPs (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5) 
were available, the regression included 20 points 
(5 time-windows × 4 SSP scenarios) for each cli-
mate model, increasing statistical robustness and 
minimising scenario dependence.

We illustrate the use of the GWL-based 
approach with annual precipitation as an exam-
ple (Fig. 2). Each point represents a 20-year 
mean over Estonia, with colour coding for peri-
ods and marker shapes for SSP scenarios. The 
linear relationship observed across time and 
scenarios demonstrates the internal consistency 
within models and supports the use of GWLs for 
regional climate change assessments. Slopes are 
calculated separately for each model and then 
summarised across the ensemble by computing 
the median trend along with the slope 10th and 
90th empirical percentiles, hereafter denoted as 
P10–P90, representing the central 80% percen-
tile interval. To assess the statistical robustness 
of projected changes, a signal is considered 
robust when the entire P10–P90 range has the 
same sign as the median slope, indicating that 
at least 90% of models agree on the direction of 

Fig. 2. Relationship between global warming level (GWL) and the change in annual precipitation total over the 
Estonian land area. Precipitation changes are calculated over consecutive 20-year periods spanning 2000–2099, 
relative to the historical reference period (1850–1900).
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change. If the P10–P90 interval crosses zero, the 
projected change is classified as non-robust due 
to substantial inter-model disagreement. This 
percentile-based approach provides a distribu-
tion-free measure of model agreement and does 
not assume normality of slope distributions.

Climate indicators were computed using 
Python libraries icclim v7.0 (Pagé and Aoun 
2025) for most indicators. Only for high and low 
wind days, heating degree days, and heatwave 
indicators, we used xclim v0.40 (Xclim 2025). 
Both libraries implement indicator definitions 
based on the ECA&D methodology (ECA&D 
Project Team 2013). All indices based on min-
imum or maximum temperature are computed 
directly from daily minimum and daily max-
imum temperature values, respectively. For 
example, TNn for MAM corresponds to the 
annual minimum of daily minimum tempera-
tures in spring.

The Estonian land area was defined using the 
Natural Earth v5.0.0' countries_50' shapefile. To 
ensure reasonable representation of grid cells 
partially covering Estonia, the climate indicator 
data were interpolated to a 0.25° × 0.25° spatial 
resolution prior to averaging. Interpolated grid 
cells with more than 50% land coverage within 
Estonia were included in the spatial mean. For 
each indicator, spatial averages were computed 
across these selected grid cells.

Results

Regional temperature-related climate 
indicators

We defined the Baltic Sea region as a spatial 
domain spanning 48–72°N and 5–40°E. The 
warming of the Baltic Sea region in response 
to global warming is spatially uneven yet 
strongly dependent on global warming levels, 
showing clear signs of regional amplification 
(Fig. 3). This amplification is particularly evi-
dent over northeastern areas of the Baltic Sea 
region. The spatial pattern of warming in the 
Baltic Sea region is more strongly influenced 
by the ocean-continent contrast (i.e. continen-
tal regions warm faster than ocean regions) 
than Arctic amplification (high latitudes 
warm faster). If the global mean temperature 
increases by 4°C, the regional temperature 
increases by 4°C to 7°C, indicating up to 1.8-
fold amplification – a well-known phenomenon 
at high latitudes (e.g., Kjellström et al. 2018).

In the Estonian land area average, CMIP6 
projections indicate a robust warming trend 
across all seasons and temperature indicators, 
with a regional temperature response exceed-
ing the global average (Table 2). Based on the 
CMIP6 ensemble, the annual mean temperature 
is projected to rise by approximately 1.5°C for 

Fig. 3. The first row: The annual mean temperature (°C) of CMIP6 models' median in the Baltic Sea region, 
depending on the global warming level (GWL). The second row: Change in the annual temperature relative to the 
historical period (1850–1900).
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every 1°C increase in global mean temperature. 
The central 80% percentile (P10–P90) range of 
1.3–1.8°C °C⁻1 for the slope demonstrates good 
agreement across models. Winter temperatures 
show even greater amplification (+1.9°C °C⁻1), 
while warming is more moderate in summer 
and autumn (both +1.3°C °C⁻1). The narrow 
P10–P90 range in the model ensemble high-
lights high confidence in these projections.

Extremely cold temperatures are projected 
to diminish substantially, with the annual cold-
est daily minima (TNn) warming by 3.6°C °C⁻1. 
This reflects a robust reduction in the severity 
and frequency of cold extremes. In contrast, 
hot extremes (TXx) show a more moderate 

and seasonally variable response, with annual 
increases of 1.2°C °C⁻1. However, the model 
spread is wide enough that it remains uncer-
tain whether extremely hot temperatures will 
increase faster or slower than the global aver-
age, underscoring a need for cautious interpre-
tation of these particular indicators. The over-
all range between annual cold and hot extremes 
(TXx–TNn) decreases with increasing global 
temperature across all seasons. The strongest 
reduction is projected for winter and spring, 
with reductions ranging from 2.0 to 2.3°C 
per °C of global warming. Only in summer, the 
change in range between cold and hot extremes 
is not statistically robust.

Table 2. CMIP6 models' Estonian land area average temperature-related indicators' annual and seasonal medians 
for the historical period 1850–1900, the median regression slope K (change in the indicator per 1°C of global warm-
ing), and the central 80% model range (P10–P90) interval for K. All presented slopes are statistically robust as 
P10–P90 does not cross zero.

	 Code 	 Climate indicator 	 Unit 	 Period  	 Med 	 Kmed 	 K10% 	 K90%

	 TG 	 Mean temperature 	 (°C) 	 YEAR 	 3.7 	 1.5 	 1.3 	 1.8 
	 TG 	 Mean temperature 	 (°C) 	 DJF 	 –8.1 	 1.9 	 1.6 	 2.5 
	 TG 	 Mean temperature 	 (°C) 	 MAM 	 2.1 	 1.5 	 1.2 	 1.9 
	 TG 	 Mean temperature 	 (°C) 	 JJA 	 15.1 	 1.3 	 1.1 	 1.6 
	 TG 	 Mean temperature 	 (°C) 	 SON 	 5.2 	 1.3 	 1.1 	 1.6 
	 TNn 	 Min of daily min temperature 	 (°C) 	 YEAR 	 –25.4 	 3.6 	 2.8 	 4.8 
	 TNn 	 Min of daily min temperature 	 (°C) 	 DJF 	 –24.8 	 3.6 	 2.8 	 4.8 
	 TNn 	 Min of daily min temperature 	 (°C) 	 MAM 	 –18.4 	 3.0 	 2.3 	 4.4 
	 TNn 	 Min of daily min temperature 	 (°C) 	 JJA 	 4.8 	 1.3 	 1.0 	 1.7 
	 TNn 	 Min of daily min temperature 	 (°C) 	 SON 	 –10.6 	 2.1 	 1.5 	 3.7 
	 TXx 	 Max of daily max temperature 	 (°C) 	 YEAR 	 26.4 	 1.2 	 0.9 	 2.3 
	 TXx 	 Max of daily max temperature 	 (°C) 	 DJF 	 4.1 	 1.3 	 1.0 	 1.5 
	 TXx 	 Max of daily max temperature 	 (°C) 	 MAM 	 19.9 	 1.0 	 0.8 	 1.6 
	 TXx 	 Max of daily max temperature 	 (°C) 	 JJA 	 26.4 	 1.2 	 0.9 	 2.3 
	 TXx 	 Max of daily max temperature 	 (°C) 	 SON 	 19.6 	 1.3 	 0.9 	 2.1 
	 TX10p 	Cool days (TX<10%) 	 % 	 YEAR 	 9.4 	 –3.2 	 –4.1 	 –2.2 
	 TX90p 	Warm days (TX>90%) 	 % 	 YEAR 	 10.8 	 9.9 	 7.0 	 13.2 
	 TN10p 	Cool nights (TN<10%) 	 % 	 YEAR 	 8.9 	 –3.0 	 –4.1 	 –2.0 
	 TN90p 	Warm nights (TN>90%) 	 % 	 YEAR 	 11.0	 11.0 	 7.0 	 13.0 
	 FD 	 Frost days (TN<0 °C) 	 days 	 YEAR 	 156.0 	 –20.0 	 –26.0 	 –15.0 
	 CFD 	 Max nr of consec. frost days 	 days 	 YEAR 	 70.0 	 –14.0 	 –19.0 	 –7.0 
	 SU 	 Summer days (TX>25 °C) 	 days 	 YEAR 	 4.9 	 6.4 	 1.6 	 11.8 
	 CSU 	 Max nr of consec. summer days 	 days 	 YEAR 	 2.1 	 2.0 	 0.7 	 4.4 
	 HD17 	 Heating degree days 	 °C days 	 YEAR 	 4856.0 	 –469.0 	 –610.0 	 –398.0 
	 CDD18 	Cooling degree days 	 °C days 	 YEAR 	 36.0 	 45.0 	 20.0 	 87.0 
	 ID 	 Ice days (TX<0 °C) 	 days 	 YEAR 	 97 	 –15 	 –20 	 –13 
	 TR 	 Tropical nights (TN>20 °C) 	 days 	 YEAR 	 0.2 	 1.5 	 0.2 	 5.8 
	 GSL 	 Growing season length 	 days 	 YEAR 	 175 	 14.4 	 11.1 	 16.6 
	 HWML 	Heat wave max length 	 days 	 YEAR 	 1.1 	 1.4 	 0.7 	 3.4 
	 HWTL 	 Heat wave total length 	 days 	 YEAR 	 1.5 	 3.2 	 1.2 	 9.8 
	 HWF 	 Heat wave frequency 	 counts/year 	 YEAR 	 0.3 	 0.5 	 0.2 	 0.9 
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Indicators associated with cold half-year 
climate conditions consistently show strong 
declines. Frost days (FD: count of days when 
min of daily temperature < 0°C), ice days 
(ID: count of days when max of daily tem-
perature < 0°C), and heating degree days 
(HD17: sum over difference between 17°C 
and the daily mean temperature for all days 
when the daily mean temperature is below 
17°C) are all expected to decrease robustly 
with warming (Table 2). There will be 20 
(13%) frost days and nearly 500°C days (10%) 
fewer heating degree days with each degree of 
global warming. These trends imply a notable 
reduction in cold-related health risks, energy 
demand, and stress on infrastructure. Simi-
larly, the number of consecutive frost days 
(CFD) is expected to decline by 14 days (20%) 
per°C of global warming, suggesting fewer 
and shorter sequences of sub-freezing periods.

Conversely, heat-related climate indicators, 
associated with the warm half-year, exhibit a 
consistent increase. Summer days (SU: count 
of days when the daily maximum temperature 
> 25°C), tropical nights (TR: count of days 
when the daily minimum temperature > 20°C) 
and cooling degree days (CDD18: sum over 
difference between 18°C and the daily mean 
temperature for all days when the daily mean 
temperature exceeds 18°C) have historically 
been rare in Estonia. These indicators are 
projected to increase notably, although their 
projected rates of change vary considerably 
across the model ensemble. The P10–P90 
range of modelled increases per degree of 
global warming spans 1.6–11.8 days for SU, 
0.2–5.8 days for TR and 20–87°C days for 
CDD18 (Table 2). The projected emergence 
and intensification of these events point to 
a fundamental shift in Estonia's warm-sea-
son climate characteristics. The frequency and 
duration of heatwaves are also projected to 
increase across all models. Indicators such as 
heatwave maximum length (HWML), heat-
wave total length (HWTL), and heatwave 
frequency (HWF; see ECA&D Project Team 
2013 for definitions) all show positive and sta-
tistically robust trends per°C of global warm-
ing (Table 2), confirming an intensification of 
extreme heat events.

Regional precipitation-related climate 
indicators

Projected precipitation changes over the Baltic 
Sea region show strong spatial variability and 
seasonally variable responses to global warming 
(Fig. 4). Total annual precipitation is expected 
to increase across most of the region, particu-
larly near the Atlantic coast of Scandinavia. The 
largest increases are projected for western and 
northern Norway, especially in orographic zones 
exposed to moist westerly airflows, where annual 
precipitation is up to 1800 mm and increases by 
up to 300 mm (17%) at GWL = 4. More moder-
ate increases are projected across inland Scan-
dinavia, while southern and south-eastern areas 
exhibit smaller and less robust changes.

Although most of the study area shows an 
annual increase in precipitation, the southern-
most regions show a decrease of up to 30 mm 
at GWL = 4. This annual reduction is primarily 
driven by summer conditions, when large parts 
of the land area south of 60°N exhibit declin-
ing precipitation (not shown). In addition, parts 
of the southern region show also decreases in 
autumn. This north–south contrast reflects the 
intensification of the atmospheric water cycle, 
with wetter northern areas becoming wetter and 
drier southern areas becoming drier (IPCC 2021: 
WGI Ch. 8). No decreases are projected for 
winter or spring across the study domain (not 
shown).

In Estonia, annual precipitation totals are 
projected to rise in line with broader regional 
trends, with models showing agreement on both 
direction and magnitude of change (Table 3). 
According to the CMIP6 ensemble, annual total 
precipitation (PRCPTOT) is expected to increase 
by approximately 31 mm (4.6%) per 1°C of 
global warming. The relatively narrow P10–P90 
model spread suggests high confidence in this 
overall increase.

Seasonal precipitation projections for Esto-
nia show the most substantial increases in 
winter and autumn, with winter precipitation 
rising by 13 mm °C⁻1 (8.6% °C⁻1) and autumn 
by 9 mm °C⁻1 (4.6% °C⁻1). These results are 
supported by consistent trends across models, 
indicating robust seasonal responses. Springtime 
precipitation also increases (7 mm °C⁻1 or about 
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5.0% °C⁻1), though slightly less than in the cold 
seasons. In contrast, projections for the summer 
are highly uncertain and not robust: the projected 
increase is only 1 mm °C⁻1 (0.6% °C⁻1), and the 
P10–P90 range is from –8 mm °C⁻1 to 14 mm 
°C⁻1 (–5 to +8% °C⁻1), indicating vast variance 
between models' projections. The negative P10 
is consistent with the broader summer projec-
tion pattern across the study area, where in most 
of the land areas south of 60°N, precipitation 
decreases (not shown).

The number of wet days (RR1: days when 
daily precipitation amount > 1.0 mm) is pro-
jected to slightly increase overall, with a change 
of 1.6 days per°C of global warming. However, 
this signal is not robust, as more than 10% of 
the models indicate a decrease in the number of 
wet days. There are relatively robust increases 
in winter and spring, while changes in summer 
and autumn are smaller and less consistent. In 
summer, more than half of the models project 
a decline in the number of wet days, further 
highlighting the uncertainty of warm-season pre-

cipitation changes in Estonia. The simple pre-
cipitation intensity index (SDII) shows a steady 
increase (+0.16 mm (wet day)⁻1 °C⁻1), supported 
by tight inter-model ranges.

Extreme precipitation events intensify 
more clearly and consistently than total pre-
cipitation. Both the maximum 1-day (RX1day) 
and 5-day (RX5day) precipitation show robust 
increases, with +1.3 mm °C⁻1 and +2.4 mm °C⁻1, 
respectively, corresponding to an approximate 
5% rise for both. The frequency of heavy and 
very heavy rainfall days is also projected to 
increase. The number of days with more than 
10 mm of precipitation (R10mm) increases by 
1.5 days °C⁻1, while days with more than 20 mm 
(R20mm) increase by 0.3 days °C⁻1. Although 
these changes may appear small in absolute 
terms, they represent notable relative increases 
— approximately 13% for R10mm and 25% for 
R20mm. The projected increases are consistent 
across models and seasons (not shown).

Changes in the duration of wet and dry 
spells show higher model disagreement and 

Fig. 4. First row: The annual precipitation (mm year–1) over the Baltic Sea region depending on the global warming 
level (GWL). Second row: Change in the annual precipitation relative to the historical period (1850–1900). Third 
row: Relative change (%) in annual precipitation relative to the historical period.
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weaker trends. The annual maximum number 
of consecutive wet days (CWD) is projected 
to increase slightly (+0.18 days °C⁻1), with 
the most robust increases in winter and spring 
(not shown). However, changes in summer and 
autumn are minimal and not statistically sig-
nificant (not shown). Meanwhile, the annual 
maximum number of consecutive dry days 
(CDD) shows no robust trend. Its P10–P90 
range spans both positive and negative values 
(–0.5 to +0.6 days °C⁻1), reflecting substantial 
model disagreement. Only winter shows a sta-
tistically robust decrease in CDD, while pro-
jected summer increases remain uncertain (not 
shown).

In addition, we examined changes in evapo-
ration (EVG). Annual evaporation is projected 
to increase at an average rate of 27 mm °C⁻1 
(6% °C⁻1), with high inter-model agreement. 

Although the median annual precipitation 
increase exceeds that of evaporation, evapora-
tion tends to increase faster than precipitation in 
summer and spring.

Regional wind-related climate indicators

Projected changes in wind speed over the Baltic 
Sea region under increasing GWLs indicate 
a generally weak and spatially inconsistent 
response, with a slight trend toward decreas-
ing mean wind speeds (Fig. 5). In Estonia, 
CMIP6 projections show a small decline in 
annual mean wind speed (FG), with a median 
change of −0.04 m s⁻1 °C⁻1 of global warming 
(Table 4). However, the inter-model range spans 
from −0.18 to +0.01 m s⁻1 °C⁻1, indicating that 
the annual trend is not statistically robust.

Table 3. CMIP6 models' Estonian land area average precipitation-related indicators' annual and seasonal medi-
ans for the historical period 1850–1900, the median regression slope K (change in the indicator per 1°C of global 
warming), and the central 80% model range (P10–P90) for K. Slopes are considered statistically robust when the 
P10– P90 interval does not cross zero; non-robust slopes are indicated by an asterisk (*).

	 Code 	 Climate indicator 	 Unit 	 Period  	 Med 	 Kmed 	 K10% 	 K90%

	 PRCPTOT 	 Total precipitation 	 mm 	 YEAR 	 669 	 31 	 19 	 45 
	 PRCPTOT 	 Total precipitation 	 mm 	 DJF 	 152 	 13 	 6 	 18 
	 PRCPTOT 	 Total precipitation 	 mm 	 MAM 	 139 	 7 	 5 	 12 
	 PRCPTOT 	 Total precipitation 	 mm 	 JJA 	 177 	 1* 	 –8 	 14 
	 PRCPTOT 	 Total precipitation 	 mm 	 SON 	 196 	 9 	 4 	 12 
	 RR1 	 Wet days 	 days 	 YEAR 	 144 	 1.6* 	 –0.9 	 4.0 
	 RR1 	 Wet days 	 days 	 DJF 	 37.9 	 1.7 	 0.5 	 2.3 
	 RR1 	 Wet days 	 days 	 MAM 	 30.2 	 0.7 	 0.2 	 1.6 
	 RR1 	 Wet days 	 days 	 JJA 	 35.4 	 –0.4* 	 –2.6 	 1.2 
	 RR1 	 Wet days 	 days 	 SON 	 39.9 	 0.2* 	 –0.4 	 1.1 
	 RX1day 	 Highest 1-day precip. amount 	 mm 	 YEAR 	 23.5 	 1.3 	 0.9 	 2.1 
	 RX5day 	 Highest 5-day precip. amount 	 mm 	 YEAR 	 46.0 	 2.4 	 1.5 	 3.8 
	 SDII 	 Simple daily intensity index 	 mm/wet 	 YEAR 	 4.22 	 0.16 	 0.12 	 0.21 
			   days
	 R10mm 	 Heavy precipitation days 	 days 	 YEAR 	 11.1 	 1.5 	 1.1 	 2.0 
		     (RR >10 mm)
	 R20mm 	 Very heavy precipitation days 	 days 	 YEAR 	 1.19 	 0.30 	 0.15 	 0.43 
		     (RR > 20 mm)
	 CWD 	 Maximum no of consec. wet days 	 days 	 YEAR 	 9.55 	 0.18 	 0.06 	 0.52 
	 CDD 	 Maximum no of consec. dry days 	 days 	 YEAR 	 19.7 	 0.0* 	 –0.5 	 0.6 
 	SPI3 	 3-Month Standardized Precip. Index 	 — 	 YEAR 	 0.00 	 0.11 	 0.07 	 0.16 
	 SPI6 	 6-Month Standardized Precip. Index 	 — 	 YEAR 	 0.00 	 0.14 	 0.09 	 0.22 
	 EVG 	 Total evaporation 	 mm 	 YEAR 	 452 	 27 	 16 	 41 
	 EVG 	 Total evaporation 	 mm 	 DJF 	 27 	 5 	 3 	 9 
	 EVG 	 Total evaporation 	 mm 	 MAM 	 97 	 9 	 5 	 13 
	 EVG 	 Total evaporation 	 mm 	 JJA 	 228 	 7 	 1 	 13 
	 EVG 	 Total evaporation 	 mm 	 SON 	 102 	 5 	 3 	 9 
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In all seasons, most models project decreas-
ing wind speeds, but the consistency of the 
signal varies. Summer (JJA) shows the clearest 
decline (−0.09 m s⁻1 °C⁻1), with the P10–P90 
range entirely below zero, indicating a consist-
ent decrease across models. In other seasons, the 
upper bound of the P10–P90 range reaches from 
0.00 m s⁻1 °C⁻1 in autumn to 0.05 m s⁻1 °C⁻1 in 
winter, suggesting that the wind speed trend is 

close to, but not fully robust. Substantial inter-
model disagreement indicates the possibility of 
both increases and decreases in wind speeds.

Indicators of wind speed extremes show 
weak and inconsistent responses. The number 
of low-wind days (LWD: number of days with 
average wind speed < 2 m s⁻1) is projected to 
increase slightly (by 2.0 days °C⁻1) from a his-
torical median of 34 days per year. However, the 

Fig. 5. First row: The annual wind speed (m s–1) over the Baltic Sea region depending on the global warming level 
(GWL). Second row: Change in the annual wind speed relative to the historical period (1850–1900). Third row: 
Relative change (%) in annual wind speed relative to the historical period.

Table 4. CMIP6 models' Estonian land area average wind-related indicators' annual  and seasonal medians for the 
historical period 1850–1900, the median regression slope K (change in the indicator per 1°C of global warming), 
and the central 80% model  range (P10–P90) for K. Slopes are considered statistically robust when the P10–P90  
interval does not cross zero; non-robust slopes are indicated by an asterisk (*).

	 Code 	 Climate indicator 	 Unit 	 Period  	 Med 	 Kmed 	 K10% 	 K90%

	 FG 	 Mean wind speed 	 m/s 	 YEAR 	 3.79 	 –0.04*	 –0.18 	 0.01 
	 FG 	 Mean wind speed 	 m/s 	 DJF 	 4.36 	 –0.01*	 –0.17 	 0.05 
	 FG 	 Mean wind speed 	 m/s 	 MAM 	 3.49 	 –0.02*	 –0.16 	 0.02 
	 FG 	 Mean wind speed 	 m/s 	 JJA 	 3.27 	 –0.09 	 –0.18 	 –0.01 
	 FG 	 Mean wind speed 	 m/s 	 SON 	 4.04 	 –0.06 	 –0.18 	 0.00 
	 LWD 	 Low wind days (FG < 2 m/s) 	 days 	 YEAR 	 34.4 	 2.0*	 –0.6 	 7.2 
	 HWD 	 High wind days (FG > 10.8 m/s) 	 days 	 YEAR 	 2.33 	 0.02*	 –0.07 	 0.07 
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sistent with the intensification of the atmospheric 
water cycle under warming (IPCC 2021: WGI 
Ch. 8) and contribute to increasing summer soil 
moisture deficits, particularly given the uncer-
tainty in summer precipitation trends.

Annual and cold-season precipitation totals 
are projected to increase with high confidence, 
consistent with intensification of the atmospheric 
water cycle (IPCC 2021: WGI Ch. 8). In con-
trast, summer precipitation shows weak and non-
robust changes, with more than one-quarter of 
models projecting decreases. This summer pat-
tern aligns with the possible regional drying 
pattern south of 60° N. While the change in total 
summer precipitation remains uncertain, extreme 
precipitation indicators show robust increases.

In fact, extreme precipitation indicators show 
robust increases across all seasons. This is con-
sistent with conclusions that heavy precipita-
tion intensity is projected to increase almost 
everywhere due to thermodynamic enhancement 
of moisture availability, even in regions where 
mean precipitation declines (IPCC 2021: SPM 
and WGI Ch. 11). Here, extreme precipitation 
indicators include the maximum 1-day precipita-
tion amount, the maximum consecutive 5-day 
precipitation amount, and the number of days 
with heavy and very heavy precipitation. In the 
Baltic Sea region, there are narrow inter-model 
spreads for indicators of extreme precipitation, 
suggesting high confidence in the intensification 
of short-duration heavy rainfall events. Projected 
increases in extreme precipitation indicators 
imply heightened risks of short-duration high-
intensity rainfall events, even in seasons without 
clear changes in total precipitation. Moreover, 
the expected rise in hydroclimate volatility —
rapid shifts between very wet and very dry 
conditions – further amplifies these risks, par-
ticularly under continued warming (Swain et al. 
2025).

Stronger evaporation may offset precipita-
tion increases, especially in summer and spring, 
leading to drier soils, reduced water availabil-
ity for vegetation, and increased agricultural 
drought risk (IPCC 2021: AR6 Ch8). It may 
also intensify heat stress through land-atmo-
sphere feedbacks, as reduced soil moisture limits 
evaporative cooling (Miralles et al. 2018). Con-
sequently, despite an increase in annual mean 

large P10–P90 range (−0.6 to +7.2 days °C⁻1) 
reflects high variability between models and a 
lack of statistical robustness. Similarly, high-
wind days (HWD: number of days with average 
wind speed > 10.8 m s⁻1) are projected to remain 
nearly unchanged, with a median change of 
+0.02 days °C⁻1 and a model spread from −0.07 
to +0.07 days °C⁻1, indicating no consistent 
signal under warming.

Discussion and conclusions

We used a GWL-based approach to assess the 
scalability of climate change in Estonia with 
global warming using CMIP6 climate model 
projections. Temperature-related changes in 
Estonia exhibit high model agreement across all 
seasons and indicators, reflecting the dominance 
of thermodynamic controls: warming robustly 
scales with the accumulation of greenhouse 
gases in the atmosphere and radiative forcing. 
Annual mean temperature increases by approxi-
mately 1.5°C per 1°C of global warming, with 
stronger amplification in winter (+1.9°C °C⁻1) 
and weaker in summer (+1.3°C °C⁻1). This sea-
sonal amplification pattern is consistent with 
Arctic and sub-Arctic amplification of warming 
(IPCC 2021: WGI Ch4).

The projected warming is accompanied by a 
pronounced reduction in cold extremes, includ-
ing the coldest daily minimum temperature, the 
number of frost days, ice days, heating degree 
days, and the number of consecutive frost days. 
These declines indicate a substantial reduction 
in cold-season severity. Conversely, warm-sea-
son indicators show consistent increases. These 
include the hottest daily maximum temperature, 
the number of summer days and tropical nights, 
cooling degree days, and also heatwave-related 
metrics. The emergence of tropical nights and 
the intensification of heatwaves indicate a quali-
tative shift in Estonia's warm-season climate, 
with potential implications for human health, 
agriculture, and energy demand.

Evaporation also shows robust increases 
across all seasons, reflecting its strong physical 
linkage to temperature through saturation vapour 
pressure and availability of energy for evapora-
tion. Projected increases in evaporation are con-
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wetness, seasonal water availability may become 
more variable, with heightened summer dryness 
and increased pressure on ecosystems and water 
management systems (Swain et al. 2025).

While precipitation responses are driven by 
both thermodynamic and dynamic influences, 
changes in winds in the Baltic Sea region are 
largely driven by circulation responses to global 
warming (Christensen and Kjellström 2018). 
Owing to the dynamic drivers, wind speed 
projections exhibit the weakest and least spa-
tially consistent changes. We detected modest 
but robust declines only in summer mean 
wind speeds over Estonia. These patterns align 
with AR6 findings that changes in circulation-
dependent variables such as wind speed are sub-
ject to larger uncertainties due to model spread 
in atmospheric circulation responses to global 
warming (IPCC 2021: WGI Ch. 4 and 8).

Moreover, in addition to forced circulation 
responses, inter-model spread could be explained 
by unforced internal climate variability and cli-
mate model formulations (Hawkins and Sutton 
2009, Deser and Phillips 2023). The differences 
in horizontal resolutions between climate models 
can explain part of the model spread, e.g. this 
has been clearly shown for precipitation distri-
butions (Strandberg and Lind 2021, Liu et al. 
2025). In addition, different physical parameter-
izations can lead to model spread, as has been 
demonstrated by testing various parameteriza-
tions within the same model for regional climate 
model simulations over Europe (García-Díez et 
al. 2015). Finally, differences in spatial patterns 
of radiative forcing across climate models could 
explain part of the model spread (Shindell et al. 
2015).

Overall, the high confidence in temperature 
and extreme precipitation projections is rooted 
in the thermodynamic control consistently 
represented across models, while the greater 
uncertainty in summer precipitation and wind 
speeds reflects their dependence on uncertain 
circulation responses. While in this research we 
have scaled the most robust regional climate 
responses in Estonia on global warming levels, 
future research should add circulation responses 
as an extra dimension. To describe regional cli-
mate change in the Baltic Sea region in more 
detail, we suggest adding storylines of large-

scale atmospheric circulation responses (Zappa 
and Shepherd 2017, Shepherd et al. 2018, Shep-
herd 2019, Zappa 2019) on top of the GWL-
based approach. For this, lower, medium and 
higher levels of global warming can be combined 
with increased/reduced cyclonic activity or spe-
cific relevant drivers of large-scale circulation 
responses, like polar and tropical amplification 
of global warming and changes in the strength 
of the stratospheric vortex, following Zappa and 
Shepherd (2017). This could help to separate the 
contribution of forced circulation responses in 
inter-model spread in the Baltic Sea region from 
the other contributors to the inter-model spread, 
like unforced internal climate variability and 
structural differences between climate models 
(Hawkins and Sutton 2009, Deser and Phillips 
2023, García-Díez et al. 2015).
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