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Abstract. Winter crops, crops sown in the autumn and harvested the following spring or summer, often provide higher
yields and are more resilient to early-season climatic stress compared with spring crops. However, their yields depend on
successful overwintering, and hence suitable temperature and snow conditions. It remains unclear whether warming will
expand their cultivation opportunities by easing temperature limitations or rather increase exposure to harmful winter
conditions across Northern Europe. We used a regional single-model initial-condition large ensemble (SMILE) based on the
Canadian Regional Climate Model version 5 (CRCM5-LE) under the high-emission RCP8.5 scenario (1955-2099) to
examine: (1) projected changes in winter climate conditions relevant to winter crops, (2) the timing at which climate change
signals in these conditions emerge from natural climate variability, and (3) the influence of bias correction in robustness and
detectability of these changes and their timing.

Average winter temperature increases by the end of the century, expanding the climatic suitability for winter crops without
compromising cold degree day requirements for crop acclimation or vernalization. However, freeze-thaw cycles and shallow
snow become more frequent, raising risks of cold damage and premature cold deacclimation. Adverse winter conditions
emerge as early as 2040 north of 60° N and around two decades earlier south of 60° N, indicating that, without adaptations,
winter crop production can be challenged. After bias correction these conditions emerge earlier than in raw simulations,

calling for even earlier adaptation.

1 Introduction

Climate change is increasing temperatures and shifting the timing and amount of precipitation, as well as whether
precipitation falls as rain or snow (IPCC, 2021). These changes disrupt seasonal cycles, with cascading effects on, among
others, crop production (Lesk et al., 2022; Olesen et al., 2011; Ray et al., 2015). Our ability to reliably obtain sufficient food,
feed and fibre is increasingly compromised by the rising frequency of adverse climatic conditions (Zampieri et al., 2017;

Zscheischler et al., 2017), ultimately making conditions locally less suitable for cultivation of certain crops (Bracho-Mujica
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et al., 2024; Rezaei et al., 2023). To assess climate impacts on crops and inform adaptations, it is essential to understand how
hydroclimatic conditions relevant to agriculture change under continued warming.

Winter crops, such as winter wheat and winter barley, are sown in autumn and resume growth in spring. They offer potential
adaptation under climate change (Fang et al., 2017; Stewart et al., 2018), because they are already established in spring, and
hence have easier access to soil water then, instead of solely relying on spring precipitation (Thorup-Kristense et al., 2009).
They also reach maturity earlier, often before peak summer heat (Fang et al., 2017; He et al., 2020). However, their
productivity depends on successful overwintering and suitable winter conditions. Extremely low temperatures can cause
damage through intracellular ice formation and membrane disruption (Bokhorst et al., 2010; Salehi Sardoei and Fazeli-
Nasab, 2025), against which snow cover provides protection through insulation (Chen et al., 2026). Freeze-thaw cycles can
cause direct mechanical damage (Fowler et al., 2014) and have indirect effects through soil moisture dynamics influenced by
snow accumulation and melt (Skinner et al., 2014). Cold acclimation, triggered by temperatures near freezing, enhances low
temperature tolerance (Fowler et al., 2014; Fowler and Gusta, 1979). Sustained temperatures above freezing enable
vernalization, ensuring subsequent flowering and hence grain formation (Weir et al., 1984). Despite their importance, key
winter processes affecting winter crops, particularly snow dynamics and its interaction with temperature, are rarely included
in climate change impact assessments (Hu et al., 2015; Rashid et al., 2019).

Future climate projections for estimating crop production rely on climate model outputs and are therefore affected by their
biases and uncertainties. Bias refers to systematic model errors, such as temperature or precipitation relationships deviating
from observations (Lehner, 2024; Tootoonchi et al., 2023). Even with bias correction, uncertainties remain. These stem from
the difficulty in predicting future socioeconomic development and from the interactions between internal climate variability,
arising from intrinsic atmospheric and oceanic processes, and externally forced climate change driven primarily by
greenhouse gas emissions (Lehner and Deser, 2023). Together, they generate substantial uncertainty in regional climate
projections on annual to multi-decadal scales (Dai and Bloecker, 2019; Hawkins and Sutton, 2009; Mabher et al., 2021),
limiting our ability to identify when climate change signals emerges from natural climate variability (Frangois and Vrac,
2023; Hawkins and Sutton, 2012; Keller et al., 2014). This challenge is particularly pronounced for winter conditions
relevant to crop overwintering, where detecting and interpreting spatial variations in the timing of emergence is complicated
by interactions among multiple climatic variables and threshold-dependent processes, such as freeze-thaw cycles.
Single-Model Initial-condition Large Ensembles (SMILEs) consist of multiple simulations performed with the same climate
model and external forcing but with slightly different initial atmospheric conditions. This design enables the separation of
internally generated climate variability from the externally forced climate change signal (Deser et al., 2012; Mabher et al.,
2019) and thus facilitates assessing of the timing of climate change emergence (Deser et al., 2020). A number of coarse
resolution SMILEs are available (e.g., Kay et al., 2015; Maher et al., 2019; Rodgers et al., 2021), while high resolution
simulations remain relatively scarce. High resolution simulations are particularly valuable for impact studies that depend on
an accurate representation of rare and adverse climatic conditions in local scales (Gutowski et al., 2020). Although SMILEs

are increasingly used in climate impact research (Astagneau et al., 2025; Miller et al., 2024; Poschlod et al., 2020), their
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application to cropping systems remains limited (Dietz et al., 2025; Jagermeyr et al., 2021), with no studies addressing the
representation of crucial winter conditions for winter crops. Moreover, the role of bias correction in this context has received
limited attention, with only a few studies addressing it (e.g., in Astagneau et al. 2025).

In northern Europe, low temperatures and short growing seasons currently limit cultivation at higher latitudes (Peltonen-
Sainio et al., 2007). Warming can expand suitable conditions, enabling crop cultivation, including that of winter crops, in
previously marginal regions. However, winter conditions such as snow depth and freeze-thaw cycles remain critical for
overwintering crop survival (Chen et al., 2026). Despite this, and the potential advantages provided by winter crops in the
face of more extreme summer conditions, we lack a targeted assessment of future winter variability relevant to cropping and
the potential for expansion of overwintering cultivation in northern Europe.

We examined the effects of climate change on winter climatic conditions, with a specific focus on variables relevant to
winter crops in Northern Europe. Specifically, we quantified: 1) the projected changes in key winter climate conditions
relevant for winter crop and 2) when winter climatic conditions show detectable changes from historical conditions (i.e., time
of emergence), and whether bias correction influences the answer to these questions. To address these objectives, we used a

regional high-resolution SMILE under a high emission scenario during 1955-2099.

2 Methods

We compare observational data (Sect 2.1) with historical climate simulations (Sect 2.2) to evaluate how well the simulations
reproduce historical averages and trends of key winter climatic indicators for crops. We then apply bias correction (Sect 2.3)
to these variables using observational datasets as reference. Based on the bias corrected variables, we calculate climatic
indicators of relevance for winter crops (Sect 2.4) and analyze their average and trend. We then estimate the time of
emergence of climate indicators (Sect 2.5).

In interpreting the results, we focus on regions where climatic conditions could become suitable for future crop cultivation.
Although the Norwegian mountains are included in the analyses and maps, changes in these areas are not vastly discussed

because topographic constraints limit their potential for cultivation even under future climate conditions.

2.1  Observations (reference dataset)

The study area comprises the Nordic Europe including Denmark, Finland, Norway, and Sweden (4 W to 32 E, 54 N to 64
N). This domain includes regions currently used for winter crop cultivation as well as northern snow-dominated areas where
winter cropping is presently limited by prolonged cold conditions and frozen soils (Juhola et al., 2017; Wiréhn, 2018).

We use daily precipitation and temperature from the E-OBS v29 dataset at a spatial resolution of 0.11° (~12 km). E-OBS is a
gridded dataset developed for climate analysis across Europe (Cornes et al., 2018), based on dense station observations. For
snow depth, we use ERA5-Land daily data at a 0.1° (~9 km) resolution (Copernicus Climate Change Service, 2024; Mufioz-

Sabater et al., 2021). ERAS-Land provides daily spatial resolution and long timespans while performing reasonably well in
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representation of snow depth in high-latitude regions although regional snow depth biases exist in glaciers and Norwegian
mountains (Réisdnen, 2023; Muifioz Sabater et al., 2021). ERAS5-Land directly provides snow depth instead of snow water
equivalent, unlike observation-based products such as GlobSnow, making it suitable for deriving agriculturally relevant
indicators (Sect 2.4). We retain all grid cells for precipitation and temperature analyses, excluding those covering glaciers in
western Norway due to complex terrain-related artifacts (Hersbach et al., 2020).

We calculate three key climatic indicators, average precipitation (Pmean), temperature (Tmean) and snowdepth (SNDmean)
over a 50-year reference period (1956-2005). The long-term average and trend during this period serve as a baseline, with
the average used to assess the mean state and the trend to assess whether climate simulations follow the same direction of
change as the observations prior to bias correction (Supplementary material, SI). We focus on long-term averages and trends
during December-February (DJF). This provides a consistent basis for comparing winter conditions across latitudes, with the
selected period encompassing most of the snow season in regions where soil and topographic conditions permit winter crop

cultivation and capturing the core winter conditions relevant to our analyses.

2.2 Climate model simulation using CRCMS-LE

We extract the daily DJF precipitation, temperature and snow depth from the 50-member Canadian Regional Climate Model
version 5 (CRCMS) Single Model Initial-condition Large Ensemble (SMILE), hereafter CRCMS-LE, a dynamic
downscaling of the global Canadian Earth System Model version 2 large ensemble (Kirchmeier-Young et al., 2017; Leduc et
al., 2019; Separovi¢ et al., 2013). CRCM5-LE SMILE has high spatial resolution (0.11°) over Europe and has one of the
largest ensemble size (50 members) at this resolution, allowing for robust assessments of trends and internal variability
(Miller et al., 2024), for local scale impact studies.

The CRCMS5-LE simulations span 1955-2099 after discarding the spin-up years (Leduc et al., 2019; Miller et al., 2024). The
historical period (1950-2005) is driven by observed anthropogenic and natural forcings, while the future period (2006—2099)
follows the high-emission scenario RCP8.5. The 50 ensemble members differ only by small random perturbations in their
initial atmospheric conditions at the start of the simulations (Fyfe et al., 2017), allowing inter-member differences to be
interpreted as internal (natural) climate variability (Hawkins and Sutton, 2009; Mittermeier et al., 2019). Compared with the
CORDEX multi-model ensemble, the CRCMS5-LE projects warmer and drier climate change signals over Northern Europe
(von Trentini et al., 2019). Combined with the high-emissions RCP8.5 scenario, this produces a stronger forced climate
signal, enabling robust detection of climate change with fewer ensemble members (Leduc et al., 2019) and providing a
possible upper-bound estimate of the magnitude and timing of projected changes (Sarofim et al., 2024). This supports a
precautionary approach by identifying the earliest plausible timing at which adaptation measures for winter crops may be
required to reduce potential yield losses. At the same time, choosing earlier decades with radiative forcings aligned with
lower emission scenarios allows for assessment of impacts under lower external forcing (Béhnisch et al., 2025).

Precipitation and temperature data are originally provided at sub-daily resolution. We aggregate them to daily averages. We

then re-grid all three variables daily precipitation, temperature and snow depth from the original curvilinear grid to a regular
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latitude-longitude grid with 0.1° resolution to match the observational dataset using the Climate Data Operators. We use the

nearest-neighbour method for precipitation and snow depth and the bilinear interpolation for temperature.

2.3 Bias correction

To reduce systematic errors, we apply a univariate distribution-based bias correction approach to precipitation, temperature,
and snow depth, accounting for changes in distributions between historical and future periods (Gudmundsson et al., 2012;
Poschlod et al., 2020). Gamma distributions are used for precipitation and snow depth, and a Gaussian distribution for
temperature, as these minimally altered the original simulations (Teutschbein and Seibert, 2012). Precipitation is additionally
corrected for drizzle days by correcting the probability of precipitation occurrence by applying a wet-day threshold > 1 mm
(Teutschbein and Seibert, 2012; Tootoonchi et al., 2022). We use a univariate approach because it performs comparably to
multivariate methods in the Nordic region, while preserving temporal structure and avoiding high computational costs
(Tootoonchi et al., 2022, 2023), and because no strong inter-variable correlation exist among variables in this region
(Astagneau et al., 2025).

Bias correction brings the ensemble mean closer to the observed mean and reduces the standard deviation across simulated
trends over the historical period (not shown), motivating its application to reduce biases in the future period. As such, in
Section 3.1 we show results only after bias correction. We evaluate the effect of bias correction by comparing bias-corrected
and raw simulations during the future period, focusing on differences in ensemble mean, ensemble trend, and time of

emergence for selected relevant indicators for agriculture (Sect 3.2).

24 Winter climatic indicators

We consider two groups of climatic indicators (Table 1). The first describe general winter climate conditions (Pmean,
Tmean, and SNDmean). The second comprise ecophysiologically informed indicators designed to capture winter conditions
relevant for winter crops. Here we parametrize these indicators using thresholds for winter wheat, a staple winter crop in the
Nordic region, while providing a framework for assessing climatic suitability and winter stress relevant to winter crops more
broadly.

To assess whether cold acclimation requirements are met, we use cold degree days (CDD), defined as the accumulation of
low but non-lethal daily temperatures between -5 °C and 10 °C for winter wheat (Fowler et al., 2014; Fowler and Gusta,
three indicators for crop survival under adverse climatic conditions. The first is the number of freeze-thaw cycles, which
increase the likelihood of mechanical damage through plant tissue injury and ice encasement (Fowler et al., 2014), reducing
overall survival and potentially disrupting winter dormancy. The second indicator captures low-temperature damage in
acclimated crops (Aase and Siddoway, 1979; Cox et al., 1986; Ejaz et al., 2023), defined as the occurrence of temperatures
below a critical threshold causing 50% mortality in acclimated crops ( < —10 °C for winter wheat) when snow depth is

insufficient for insulation to ensure a decoupling between air temperature and crop meristem temperature, at the soil surface
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(<10 cm) (Aase and Siddoway, 1979; Cox et al., 1986; Ejaz et al., 2023). The third indicator is the number of shallow snow
days, defined as days with snow depth <5 cm. This indicator captures both freezing risk due to insufficient snow insulation
(Zhu et al., 2022) and the reduced risk of snow molds, caused by phytopathogenic fungi that develops under persistent
insulating snow cover in winter crops (Bruehl, 1982; Ponomareva et al., 2021), where temperatures remain near 0 °C and
plants experience prolonged respiratory carbohydrate depletion (Bergjord et al., 2008; Byrns et al., 2020).

We did not include a separate indicator for vernalization because the temperatures that promote vernalization largely overlap
with those required for cold acclimation, although vernalization occurs over a broader temperature range (approximately 0—
15 °C) and is effective at slightly warmer temperatures than those optimal for cold acclimation in winter crops (Eagles et al.,
2010; Weir et al., 1984). Consequently, we use mean winter temperature as a proxy for the thermal conditions governing

vernalization.
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Table 1: List of 8 indicators relevant for winter crops capturing (a) general winter climatic conditions and (b) specific

aspects of development and survival. Thesholds refer to winter wheat.
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Survival — | Tradeoff between | number of days with SND < 5 c¢m, (Byrns et al., 2020; Gaudet
winter mold / | Shallow snow increases and Laroche, 1997; Kosova
cold damage the risk of damage due et al., 2025)

to low insulation, while
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risk of snow mold

2.5 Time of emergence

For each variable, we estimate the time of emergence of trends, defined as the point at which the forced rate of change
becomes distinguishable from internal climate variability (Bonan et al., 2021; Keller et al., 2014; Li et al., 2026; Rodgers et
al., 2015). We compute linear trends for each member of the 50-member CRCMS5-LE over expanding time windows
beginning in 1956, with window lengths ranging from 50 years to the full period ending in 2099 (144 years). We select a
minimum window length of 50 years, rather than the 30-year normal period, to improve the robustness of the estimated
climate change signal by reducing the influence of internal variability on trend calculations.

We first estimate the time of emergence by considering the forced signal as the ensemble mean of trends in the indicator and
the noise defined as the standard deviation of trends across ensemble members. A single signal-to-noise ratio is calculated
for each grid cell, and time of emergence is defined as the first year at which this ratio exceeds 1. Our definition of the signal
and of the noise for the ensemble mean case, as well as the choice to use a ratio of 1:1 for signal and
noise, follow closely Rodgers et al. (2015). We then compare these times of emergence estimates with an alternative
approach where the trend is estimated separately for each ensemble member and divided by the standard deviation of trends
across ensemble members, resulting in a member-specific signal to noise ratio. Time of emergence is then determined
independently for each ensemble member as the first year when its signal-to-noise ratio exceeds the same threshold of 1, and
the ensemble mean of the resulting member-specific time of emergence years is reported as the final estimate. Comparing
these two approaches allow us to assess the sensitivity of time of emergence estimates to the representation of the forced
signal (IPCC, 2021, Chapter 10.4.3.2), either as an ensemble-mean response or separate for individual ensemble members.
We present the results obtained using the first method in the Results section and those from the second method in the
Supplementary material (S2). To evaluate the inconsistency between the two approaches, we compare the resulting time of
emergence spatial patterns visually and quantified their agreement using a pixel-wise correlation analysis.

Based on the time of emergence of trends under the high-emission RCP8.5 scenario for both beneficial and adverse crop-
related indicators, we identify periods of opportunity and risk based on the relative timing of emergence across indicator
types. Opportunity and risk periods are defined as intervals during which beneficial and adverse indicators, respectively,

exhibited emerging favourable and unfavourable trends.



200

205

210

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

3 Results
3.1  Changes in and time of emergence of climatic indicators relevant for winter crops

Among the agriculturally relevant indicators calculated from the bias corrected simulations, cold degree days (CDD) range
from approximately 200 to over 500 degree days during the historical period (1956-2005) excluding the Norwegian
mountains, with higher values south of 60° N (Fig 1a). In the future (2050-2099), CDD increase across most of the region,
except in Denmark, where they decrease by up to 200 degree days. Freeze-thaw cycles are generally more frequent south of
60° N, reaching up to seven cycles within December-February during the historical period (Fig. 1b). In the future, they
increase primarily north of 60° N, by up to three additional cycles, particularly in northern Sweden. Shallow snow days reach
a maximum of around 70 days during the historical period (Fig. 1d) and increase to approximately 90 days in the future,
particularly south of 60° N. Days with shallow snow (<5 cm) co-occurring with low temperatures (< - 10 °C) range from 0 to
12 days during the historical period (Fig. 1c). In the future period, changes are modest, with a slight decrease south of 60° N

and an increase of approximately one day north of 60° N.
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Figure 1. Ensemble historic averages (1956-2005), future averages (2050-2099), changes between future and historic period and the
time of emergence of trends for the five agriculturally relevant climate conditions: (a) CDD, (b) number of freeze-thaw cycles, (c)

215 number of days with temperature < -10 °C and SND < 10 c¢m, and (d) number of days with SND < 5 cm. All plots refer to
indicators extracted from bias corrected variables.

Precipitation changes are modest, with increases of approximately 1 mm day' across most of the region, except for the

Norwegian mountains (Fig. 2a). Winter temperatures increase by approximately 45 °C throughout the study area, with the
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largest warming occurring in the coldest northern regions (Fig. 2b). Average snow depth declines across the study region by

around 200 mm across most regions. The largest reductions occur in the Norwegian mountainous (Fig. 2¢).
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Figure 2. Ensemble historic averages (1956-2005), future averages (2050-2099), changes between future and historic period and the
time of emergence of trends for the three main variables Pmean, Tmean and SNDmean. Note that the color bar in Tmean is
reversed relative to Pmean and SNDmean. All plots are for bias corrected indicators.

When using the ensemble mean trend as the forced signal, the CDD trend becomes distinguishable from internal variability
and emerges around 2015 across most of Scandinavia, except for inland regions north of 60° N, where time of emergence is
delayed by approximately 10-20 years (Fig. la, far right). Freeze-thaw cycle trends emerge by mid-century in northern
regions, while they appear later or not at all in southern areas (Fig. 1b, far right). Trends in combined cold and shallow snow
depth days emerge mainly south of 60° N between 2050 and 2070 (Fig. 1d, far right). Shallow snow depth trends emerge as
early as the 2020s in the southern regions but only toward the end of the century in northern areas (Fig. 1d). No trend
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emergence in precipitation is detected (Fig. 2a, far right). Temperature-related trends emerge as early as the mid-2020s in
eastern Finland and more broadly around 2040s across all regions (Fig. 2b, far right). Snow depth, trends emerge in most
locations by the 2040s, whereas inland areas north of 60° N show no emergence, until the 2090s in some regions (Fig. 2c, far
right). When the time of emergence is calculated separately for each ensemble member and then averaged, instead of from
the ensemble-mean signal, the spatial patterns are similar for all indicators, but with earlier emergence, except freeze-thaw
cycles and combination of shallow snow and cold stress having a distinctly different spatial pattern (Fig. S2). Agreement in
the calculated time of emergence between the two methods varies, with Pearson correlation coefficients ranging from 0.1 for
cold stress and shallow snow cover to 0.9 for shallow snow depth (Fig. S2).

In summary, above 60° N, trends in beneficial (i.e. mean temperature and CDD) indicators emerge earlier than those in
detrimental (e.g. freeze-thaw cycles and shallow snow conditions) indicators, whereas in the south, they have already
emerged (Fig. 3). Trends in indicators of favourable thermal conditions, represented by increasing mean winter temperature
and fulfilment of the CDD requirement, emerge north of 60° N by the 2030s (Fig. 3) and around 2020 south of 60° N.
Adverse winter stress indicators, including freeze-thaw cycles and shallow snow conditions, emerge around the 2040s north
of 60° N but around 2020 in southern regions. Days with both shallow snow and low temperatures emerge by the 2070s
north of 60° N, compared with around the 2050s south of 60° N.

5 ; - Ccrine qualclrcplands
Opportunity 0% 5 .
Risk 0% 3) ol
2015 2030 2050 2070 21002
Time | | I
Risk @5
Opporturity 5 -
9h 57
No emergence %: .

. Emergence in indicators with positive effects ( CDD; temperature averages) -

longitude
. Emergence in indicators with negative effects (Freeze-thaw cycles; Shallow
snow days; combined shallow snow and low temperatures)

Figure 3 Evolution of favourable and adverse winter conditions based on the mean time of emergence of agroclimatic indicators,
separated for regions above and below 60°N. Favourable indicators include increasing winter temperature and enhancing cold
degree days, whereas adverse indicators include increasing freeze—thaw cycles, shallow snow depth, and days with both insufficient
snow cover and low temperatures. Percentages indicate the fraction of indicators that have emerged by a given year. For example,
67% corresponds to two of the three adverse indicators having emerged. The cropped area is based on CORINE landcover map
relative to year 2018, where past conditions allowed for crop cultivation.

3.2 Bias correction effects

Bias correction affects both the time of trend emergence and mean changes in the indicators. CDD trends north of 60° N
emerge up to 40 years earlier (Fig. 4a), with freeze-thaw cycles showing a similar advancement after bias correction (Fig.
4b), in line with higher mean temperatures, stronger warming trends, and reduced trend variability in the bias-corrected

simulations (not shown), which increase the signal-to-noise ratio. South of 60° N, freeze-thaw emergence is delayed by up to
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around 30 years, as warmer temperatures reduce the frequency of crossings of the 0 °C threshold, weakening the trend
signal. For days with shallow snow and cold stress (Fig. 4c), differences in means and trends are generally small, although
emergence advances by up to 20 years south of 60° N in line with increase in the shallow snow days after bias correction.

In addition to affecting time of emergence, bias correction increases CDD by up to 500 °C-day (from 300 to 800 °C-day;
2.7-fold) north of 60° N, particularly in inland Norway, while CDD trends south of 60° N strengthen by up to 3
°C-day-year'. Freeze-thaw cycles increase by up to six events (from 5 to 10 events; 2-fold) in northern regions, with trends
increasing by up to 0.04 events-year'. Days with both shallow snow and low temperatures increase by up to five days (from

5 to 10 days; 2-fold) across most regions, while their projected trends change little.
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Figure 4. Differences between the raw and bias-corrected 50-member simulations in future (2006-2099) ensemble averages,
ensemble trends, and time of emergence for (a) CDD, (b) freeze—thaw cycles, and (c) number of days with T <—10 °C and SND <

10 cm.
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4  Discussion
4.1  Changes in climatic indicators relevant for overwintering in crops

By the 2030s, northern regions (north of 60° N) experience increasingly favourable thermal conditions, including warmer
winters and enhanced cold degree-day accumulation, reducing thermal constraints on winter crop cultivation (Fig. 4).
Despite this warming, winter temperatures remain within the range required for cold acclimation (approximately —5 to 10
°C; Fig. la) and adequate to fulfil the vernalization requirement, which occurs over a broader and slightly warmer
temperature range than cold acclimation (Fowler et al., 1996; Jylhd et al., 2008; Porter and Gawith, 1999). These results
suggest that warmer winters are likely to improve thermal suitability for winter crops without compromising these key
physiological requirements. The projected changes could enable a northward expansion of winter crop cultivation (Wiréhn,
2018) beyond its current concentration in southern Nordic regions, particularly Scania in southern Sweden and much of
Denmark (Fig. 4; Sjulgard et al., 2023; Tootoonchi et al., 2026).

The emergence of beneficial conditions from warmer temperatures are accompanied by emerging risks from the 2040s
onward north of 60° N, including more frequent freeze-thaw cycles and reduced snow cover, which increase exposure to
frost damage and soil disturbance, followed by the combination of shallow snow cover and cold events (Fig. 1b-d, 4). These
changes can reduce the protective role of snow, increasing the exposure of winter crops to temperature fluctuations during
winter. In particular, premature dehardening during mild periods in late winter (i.e. in February) can increase susceptibility
to subsequent frost damage and reduce winter survival (Fogelfors et al., 2009; Fowler et al., 2014; Pagter and Arora, 2013;
Shimoda et al., 2024; Strandberg et al., 2026). This can be particularly important because the onset of the vegetative period
is regulated by photoperiod (Kiss et al., 2017), potentially constraining the extent to which warmer temperatures can advance
vegetative development under future climates. A shorter snow season could nevertheless reduce the risk of snow mold
development (Gaudet and Laroche, 1997; Pagter and Arora, 2013; Ponomareva et al., 2021). These changes are consistent
with other EURO-CORDEX climate projections and observations across the Nordic region, where a decrease in snow cover,
duration and depth was observed and projected for future (Dyrrdal et al., 2020; Migata et al., 2025; Teutschbein et al., 2023).
Consequently, even in the north, warmer winters do not necessarily improve overwintering conditions, highlighting the need
for adaptation through, for example, breeding winter crop varieties with greater tolerance to freeze-thaw cycles and
waterlogging associated with general higher, but uncertain average winter precipitation in future (Fig. 2a) under higher
temperatures (Fig. 2b, Hakala et al., 2012; Olesen et al., 2012).

Our results indicate that southern regions have already experienced favourable thermal conditions for winter crop cultivation
(Fig. 1a, 2b, 4), while also facing an increase in adverse winter conditions (Fig. 1b-d ,4). These findings are consistent with
the observed expansion of winter crop cultivation and associated yield gains (SCB, 2024; Tootoonchi et al., 2026), as well as
with recent observations of reduced snow depth and more frequent snow droughts (Canedo Rosso et al., 2025; Fontrodona
Bach et al., 2018; Teutschbein et al., 2022). Together, these results suggest that the benefits of warmer winters become

increasingly constrained under future climates south of 60° N, with intensifying adverse winter conditions reflected in the
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earlier emergence of shallow-snow and cold stress. In addition, conditions during the main growing season, for example
higher temperatures and reduced water availability, which are already observed across the Nordic region (Beillouin et al.,
2020; Tootoonchi et al., 2026; Westra et al., 2014), can further limit crop production and require adaptation measures such as
irrigation (Grusson et al., 2021). Further warming in winter temperatures can facilitate a shift from spring to winter wheat,
which generally has higher yield potential (Asplund et al., 2013; Trnka et al., 2011; Wiréhn, 2018), although decreasing
CDD in Denmark and Scania can constrain this potential if further warming prevent cold degree day requirements to be met.
The distinct latitudinal transition around 60° N was evident in the spatial distribution of time of emergence, separating
earlier-emerging signals in southern regions from later emergence in northern regions. This transition broadly corresponds to
differences in climatic regimes, including the shift from milder, precipitation-dominated southern conditions to colder, snow-
dominated northern environments with greater topographic complexity (Beck et al., 2018). Similar relationships between
climate zones and emergence timing have been reported globally, where the emergence of temperature and precipitation

extremes varies systematically among climate regions (Zhang and Gao, 2023)

4.2  Influence of time of emergence calculation method and bias correction

Mean temperature, cold degree days, and shallow snow depth, exhibited early emergence of trends, often by the 2030s (Fig.
la,d, Fig. 2b), while trends in precipitation-related indicator could not be distinguished from internal variability in the region
before the end of the century (Fig. 2a). These findings are consistent with previous SMILE explorations, showing earlier and
more robust emergence of temperature-related indicators compared to precipitation-related indicators, reflecting the stronger
and more spatially coherent forced response of temperature, whereas precipitation is more strongly influenced by internal
variability, large-scale circulations, and local-scale processes (Gampe et al., 2024; Schuhen et al., 2026; Zhang and Gao,
2023). Changes in threshold dependent (i.e. freeze-thaw cycles) and compound indicators (i.e. co-occurrence of low
temperatures and shallow snow) emerged later, typically from mid-century, and showed greater spatial variability and
uncertainty (Fig. 1b,c).

The method used to estimate time of emergence influenced the representation of uncertainty (Fig. S2). Continuous single-
variable indicators (CDD and shallow snow days) showed similar emergence times across the two methods. In contrast,
discrete and threshold-dependent indicator (freeze-thaw cycles), and the multivariate indicator (combination of shallow snow
and cold stress) showed different emergence estimates. The ensemble-mean approach (Method 1) generally produced
smoother and later emergence patterns by averaging across runs and thereby reducing member-to-member variability. In
contrast, the member-specific approach (Method 2) retained internal variability and produced more heterogeneous, but
generally earlier, emergence estimates. For freeze-thaw cycles, which vary over a narrow range and in discrete steps, small
year-to-year changes produced statistically detectable trends despite limited changes in the overall magnitude of the
indicator. Averaging across runs in Method 1 therefore smoothened or canceled these step changes, whereas estimating
emergence separately for each run in Method 2 allowed individual changes to directly influence the emergence time. For the

multivariate indicator combining shallow snow and cold stress, the Method 2 emergence pattern largely followed that of
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shallow snow, suggesting that the snow component dominated the timing of emergence across individual runs. Overall, these
results highlight the importance of considering both indicator characteristics and the treatment of ensemble members when
interpreting time of emergence, particularly for discrete or threshold-dependent indicators with narrow ranges, where
statistical emergence might not necessarily be consistent with what is experienced in the one realization that will materialize
in reality (Lehner et al., 2017).

The time of emergence showed advancement of up to several decades across variables after bias correction compared with
the emergence extracted by the raw outputs, indicating an influence of this step on the detected climate change signal (Fig.
4). These findings are consistent with results from Switzerland using the same CRCMS-LE SMILE for precipitation
(Astagneau et al., 2025). Bias correction improved agreement between historical simulations and observations, with
agriculturally relevant temperature-based indicators such as cold degree days showing larger adjustments, whereas more
complex indices, such as the co-occurrence of low snow and low temperature, adjusted less. This likely mirrors stronger
inter-member consensus in direct temperature-driven variables in CRCMS5-LE and their clearer response to bias correction,
whereas multivariate indicators are influenced by multiple drivers.

Our results are based on the CRCMS5-LE ensemble under the high-emissions RCP8.5 scenario and therefore represent a high-
impact climate trajectory rather than an intermediate estimate (i.e., RCP4.5) of future conditions. This scenario is useful for
precautionary risk assessment in climate-sensitive sectors such as agriculture (Bevacqua et al., 2026), while also allowing
assessment of conditions under lower-emissions pathways by considering earlier future periods, such as mid-century rather
than late-century (Bohnisch et al., 2025). Lower-emission pathways generally delay time of emergence, although the spatial
patterns of emergence remain largely similar across emission scenarios (Jagermeyr et al., 2021; Rojas et al., 2019; Zhang and
Gao, 2023). Such spatial patterns can inform adaptation by identifying regions where climate conditions are likely to change

earlier than elsewhere, supporting the prioritization and timing of adaptation measures.

5  Conclusions
We used a 50-member ensemble of high-resolution climate model simulations over Northern Europe under the RCP8.5

scenario (1955-2099), to assess differences between future and historical conditions relevant for winter crops and determine
the time of emergence of trends in key variables. Changes in climatic conditions imply both opportunities and risks for
overwintering of winter crops, with opportunities predominant north of 60° N and in the first half of the century and
detrimental conditions dominating elsewhere and later this century. Specifically, while winters become warmer, cold degree
day requirement for successful acclimation of winter crops are still met, even at lower latitudes north of 60° N. This, together
with higher temperatures, will open cultivation opportunities beyond current areas. At the same time, the frequency of
potentially damaging conditions, such as shallow snow and freeze—thaw cycles increase, emerges earlier south of 60° N and
in the second half of the century in northern regions, highlighting the need for adaptation. The exact timing of emergence
depends on the emissions scenario, bias correction, and method to estimate time of emergence in agriculturally relevant

conditions, suggesting that there is large uncertainty in the exact time at which adaptation practices need to be implemented.
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Code and data availability

All runs and analysis were performed with the Python coding language and Climate Data Operators (CDO) and are available

upon request. CRCMS5-LE simulations can be found in the ClimEx project (https://www.climex-project.org). Climatic data

and land cover data are publicly available from E-Obs dataset (Cornes et al., 2018) and Corine land cover maps
(https://doi.org/10.2909/08560441-2fd5-4eb9-bfdc-9ef16725726a, European Environment Agency, 2020). Further

information can be found in Sect. 2.

Author contributions

FT: Conceptualization, data curation, formal analysis, investigation, methodology, visualization, software, writing and

editing. GV, GM and AD: Review and editing. FL: Conceptualization, methodology, review and editing.

Competing interests

None of the authors have any competing interests.

Acknowledgements
We thank Magdalena Mittermeier and Raul Wood for providing us with the CRCMS5-LE simulations from the ClimEx

project (https://www.climex-project.org). This research was supported by the Swedish Research Council (VR 2023-06545

and 2022-06599). FT thanks Yashar Imanlou for valuable suggestions on working with Linux and supercomputers, which

enabled her to implement the methods, as well as the computational resources provided by NCAR supercomputing facility.

References

Aase, J. K. and Siddoway, F. H.: Crown-Depth Soil Temperatures and Winter Protection for Winter Wheat
Survival, Soil Science Society of America Journal, 43, 1229-1233,
https://doi.org/10.2136/sssa2j1979.03615995004300060036x, 1979.

Asplund, T., Hjerpe, M., and Wibeck, V.: Framings and coverage of climate change in Swedish specialized
farming magazines, Climatic Change, 117, 197-209, https://doi.org/10.1007/s10584-012-0535-0, 2013.

Astagneau, P. C., Wood, R. R., Vrac, M., Kotlarski, S., Vaittinada Ayar, P., Fran¢ois, B., and Brunner, M. L.:
Impact of bias adjustment strategy on ensemble projections of hydrological extremes, Hydrology and Earth
System Sciences, 29, 5695-5718, https://doi.org/10.5194/hess-29-5695-2025, 2025.

Beck, H. E., Zimmermann, N. E., McVicar, T. R., Vergopolan, N., Berg, A., and Wood, E. F.: Present and future

koppen-geiger climate classification maps at 1-km resolution, Scientific Data, 5, 1-12,
https://doi.org/10.1038/sdata.2018.214, 2018.

18



400

405

410

415

420

425

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Beillouin, D., Schauberger, B., Bastos, A., Ciais, P., and Makowski, D. M.: Impact of extreme weather conditions
on European crop production in 2018, Philosophical Transactions of the Royal Society B: Biological Sciences,
2020.

Bergjord, A. K., Bonesmo, H., and Skjelvig, A. O.: Modelling the course of frost tolerance in winter wheat: 1.
Model development, European Journal of Agronomy, 28, 321-330, https://doi.org/10.1016/j.€ja.2007.10.002,
2008.

Bevacqua, E., Fischer, E., Sillmann, J., and Zscheischler, J.: Moderate global warming does not rule out extreme
global climate outcomes, Nature, 651, 946953, https://doi.org/10.1038/s41586-026-10237-9, 2026.

Bohnisch, A., Felsche, E., Mittermeier, M., Poschlod, B., and Ludwig, R.: Future Patterns of Compound Dry and
Hot Summers and Their Link to Soil Moisture Droughts in Europe, Earth’s Future, 13, e2024EF004916,
https://doi.org/10.1029/2024EF004916, 2025.

Bokhorst, S., Bjerke, J. W., Davey, M. P., Taulavuori, K., Taulavuori, E., Laine, K., Callaghan, T. V., and
Phoenix, G. K.: Impacts of extreme winter warming events on plant physiology in a sub-Arctic heath community,
Physiologia Plantarum, 140, 128-140, https://doi.org/10.1111/j.1399-3054.2010.01386.x, 2010.

Bonan, G. B., Lombardozzi, D. L., and Wieder, W. R.: The signature of internal variability in the terrestrial
carbon cycle, Environ. Res. Lett., 16, 034022, https://doi.org/10.1088/1748-9326/abd6a9, 2021.

Bracho-Mujica, G., Rétter, R. P., Haakana, M., Palosuo, T., Fronzek, S., Asseng, S., Yi, C., Ewert, F., Gaiser, T.,
Kassie, B., Paff, K., Rezaei, E. E., Rodriguez, A., Ruiz-Ramos, M., Srivastava, A. K., Stratonovitch, P., Tao, F.,
and Semenov, M. A.: Effects of changes in climatic means, variability, and agro-technologies on future wheat
and maize yields at 10 sites across the globe, Agricultural and Forest Meteorology, 346, 109887,
https://doi.org/10.1016/j.agrformet.2024.109887, 2024.

Bruehl, G. W.: Developing wheats resistant to snow mold in Washington State, 1090—1095, 1982.

Byrns, B. M., Greer, K. J., and Fowler, D. B.: Modeling winter survival in cereals: An interactive tool, Crop
Science, 60, 2408-2419, https://doi.org/10.1002/csc2.20246, 2020.

Canedo Rosso, C., Nyberg, L., and Pechlivanidis, I.: Drought hazard assessment across Sweden’s diverse hydro-
climatic regimes, Natural Hazards and Earth System Sciences, 25, 45774592, https://doi.org/10.5194/nhess-25-
4577-2025, 2025.

Chen, H., Wang, S., Zhu, P., and AghaKouchak, A.: Winter wheat yield sensitivity to snow drought is increasing
across the Northern Hemisphere, Nat Food, 7, 174—184, https://doi.org/10.1038/s43016-026-01302-7, 2026.

Copernicus Climate Change Service: ERA5-Land post-processed daily statistics from 1950 to present,

https://cds.climate.copernicus.eu/datasets/derived-era5-land-daily-statistics?tab=overview, last access: 6 April
2026, 2024., 2024.

19



430

435

440

445

450

455

460

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Cornes, R. C., van der Schrier, G., van den Besselaar, E. J. M., and Jones, P. D.: An Ensemble Version of the E-
OBS Temperature and Precipitation Data Sets, Journal of Geophysical Research: Atmospheres, 123, 9391-9409,
https://doi.org/10.1029/2017JD028200, 2018.

Cox, M. C., Qualset, C. O., and Rains, D. W.: Genetic Variation for Nitrogen Assimilation and Translocation in
Wheat. III. Nitrogen Translocation in Relation to Grain Yield and Protein, Crop Science, 26,
cropscil986.0011183X002600040022x, https://doi.org/10.2135/cropscil986.0011183X002600040022x, 1986.

Dai, A. and Bloecker, C. E.: Impacts of internal variability on temperature and precipitation trends in large
ensemble simulations by two climate models, Climate Dynamics, 52, 289-306, https://doi.org/10.1007/s00382-
018-4132-4, 2019.

Deser, C., Lehner, F., Rodgers, K. B., Ault, T., Delworth, T. L., DiNezio, P. N., Fiore, A., Frankignoul, C., Fyfe,
J. C., Horton, D. E., Kay, J. E., Knutti, R., Lovenduski, N. S., Marotzke, J., McKinnon, K. A., Minobe, S.,
Randerson, J., Screen, J. A., Simpson, I. R., and Ting, M.: Insights from Earth system model initial-condition
large ensembles and future prospects, Nat. Clim. Chang., 10, 277-286, https://doi.org/10.1038/s41558-020-0731-
2, 2020.

Dietz, V., Baehr, J., Suarez-Gutierrez, L., Sillmann, J., and Borchert, L.: The future of hot and dry events in the
breadbasket regions of maize, Environ. Res. Lett., 20, 074009, https://doi.org/10.1088/1748-9326/adda63, 2025.

Dyrrdal, A. V., Isaksen, K., Jacobsen, J. K. S., and Nilsen, I. B.: Present and future changes in winter climate
indices relevant for access disruptions in Troms, northern Norway, Natural Hazards and Earth System Sciences,
20, 1847-1865, https://doi.org/10.5194/nhess-20-1847-2020, 2020.

Ejaz, 1., Pu, X., Naseer, M. A., Bohoussou, Y. N. ’Dri, Liu, Y., Farooq, M., Zhang, J., Zhang, Y., Wang, Z., and
Sun, Z.: Cold and Drought Stresses in Wheat: A Global Meta-analysis of 21st Century, J Plant Growth Regul, 42,
5379-5395, https://doi.org/10.1007/s00344-023-10960-x, 2023.

Fang, Q., Zhang, X., Chen, S., Shao, L., and Sun, H.: Selecting traits to increase winter wheat yield under climate
change in the North China Plain, Field Crops Research, 207, 30—41, https://doi.org/10.1016/j.fcr.2017.03.005,
2017.

Fogelfors, H., Wivstad, M., Eckersten, H., Holstein, F., Johansson, S., and Verwijst, T.: Strategic analysis of
Swedish agriculture: production systems and agricultural landscapes in a time of change, Department of Crop
Production Ecology, Swedish University of Agricultural Sciences, 2009.

Fontrodona Bach, A., van der Schrier, G., Melsen, L. A., Klein Tank, A. M. G., and Teuling, A. J.: Widespread
and Accelerated Decrease of Observed Mean and Extreme Snow Depth Over Europe, Geophysical Research
Letters, 45, 12,312-12,319, https://doi.org/10.1029/2018 GL079799, 2018.

Fowler, D. B. and Gusta, L. V.: Selection for Winterhardiness in Wheat. I. Identification of Genotypic

Variability, Crop Science, 19, cropsci1979.0011183X001900060005x,
https://doi.org/10.2135/cropscil 979.0011183X001900060005x%, 1979.

20



465

470

475

480

485

490

495

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Fowler, D. B., Limin, A. E., Wang, S.-Y., and Ward, R. W.: Relationship between low-temperature tolerance and
vernalization response in wheat and rye, Can. J. Plant Sci., 76, 37—42, https://doi.org/10.4141/cjps96-007, 1996.

Fowler, D. B., Byrns, B. M., and Greer, K. J.: Overwinter Low-Temperature Responses of Cereals: Analyses and
Simulation, Crop Science, 54, 2395-2405, https://doi.org/10.2135/cropsci2014.03.0196, 2014.

Francois, B. and Vrac, M.: Time of emergence of compound events: contribution of univariate and dependence
properties, Natural Hazards and Earth System Sciences, 23, 21-44, https://doi.org/10.5194/nhess-23-21-2023,
2023.

Gampe, D., Schwingshackl, C., Bohnisch, A., Mittermeier, M., Sandstad, M., and Wood, R. R.: Applying global
warming levels of emergence to highlight the increasing population exposure to temperature and precipitation
extremes, Earth System Dynamics, 15, 589—605, https://doi.org/10.5194/esd-15-589-2024, 2024.

Gaudet, D. A. and Laroche, A.: Winter Survival of Cereals Parasitized by Snow Mold, in: Plant Cold Hardiness:
Molecular Biology, Biochemistry, and Physiology, edited by: Li, P. H. and Chen, T. H. H., Springer US, Boston,
MA, 331-342, https://doi.org/10.1007/978-1-4899-0277-1 31, 1997.

Grusson, Y., Wesstrom, 1., and Joel, A.: Impact of climate change on Swedish agriculture: Growing season rain
deficit and irrigation need, Agricultural Water Management, 251, 106858,
https://doi.org/10.1016/j.agwat.2021.106858, 2021.

Gudmundsson, L., Bremnes, J. B., Haugen, J. E., and Engen-Skaugen, T.: Technical Note: Downscaling RCM
precipitation to the station scale using statistical transformations &ndash; A comparison of methods, Hydrology
and Earth System Sciences, 16, 3383-3390, https://doi.org/10.5194/hess-16-3383-2012, 2012.

Gutowski, W. J., Ullrich, P. A., Hall, A., Leung, L. R., O’Brien, T. A., Patricola-DiRosario, C. M., Arritt, R. W.,
Bukovsky, M. S., Calvin, K. V., Feng, Z., Jones, A. D., Kooperman, G. J., Monier, E., Pritchard, M. S., Pryor, S.
C., Qian, Y., Rhoades, A. M., Roberts, A. F., Sakaguchi, K., Urban, N., and Zarzycki, C.: The Ongoing Need for
High-Resolution Regional Climate Models: Process Understanding and Stakeholder Information, Bulletin of the
American Meteorological Society, 101, E664—E683, https://doi.org/10.1175/BAMS-D-19-0113.1, 2020.

Hakala, K., Jauhiainen, L., Himanen, S. J., Rotter, R., Salo, T., and Kahiluoto, H.: Sensitivity of barley varieties
to weather in Finland, The Journal of Agricultural Science, 150, 145-160,
https://doi.org/10.1017/S0021859611000694, 2012.

Hawkins, E. and Sutton, R.: The Potential to Narrow Uncertainty in Regional Climate Predictions,
https://doi.org/10.1175/2009BAMS2607.1, 2009.

Hawkins, E. and Sutton, R.: Time of emergence of climate signals, Geophysical Research Letters, 39,
https://doi.org/10.1029/2011GL050087, 2012.

He, D., Fang, S., Liang, H., Wang, E., and Wu, D.: Contrasting yield responses of winter and spring wheat to
temperature rise in China, Environ. Res. Lett., 15, 124038, https://doi.org/10.1088/1748-9326/abc71a, 2020.

21



500

505

510

515

520

525

530

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nicolas, J., Peubey, C., Radu,
R., Schepers, D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot,
J., Bonavita, M., De Chiara, G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R.,
Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J., Holm, E., Janiskova, M., Keeley, S., Laloyaux,
P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, 1., Vamborg, F., Villaume, S., and Thépaut, J.-N.:
The ERAS global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049,
https://doi.org/10.1002/qj.3803, 2020.

Huy, C., Hou, M., Wei, G., Shi, B., and Huang, J.: Potential overwintering boundary and voltinism changes in the
brown planthopper, Nilaparvata lugens, in China in response to global warming, Climatic Change, 132, 337-352,
https://doi.org/10.1007/s10584-015-1427-x, 2015.

IPCC: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. Pirani,
S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, Cambridge University Press, 3949, 2021.

Jagermeyr, J., Miiller, C., Ruane, A. C., Elliott, J., Balkovic, J., Castillo, O., Faye, B., Foster, 1., Folberth, C.,
Franke, J. A., Fuchs, K., Guarin, J. R., Heinke, J., Hoogenboom, G., lizumi, T., Jain, A. K., Kelly, D., Khabarov,
N., Lange, S., Lin, T.-S., Liu, W., Mialyk, O., Minoli, S., Moyer, E. J., Okada, M., Phillips, M., Porter, C., Rabin,
S. S., Scheer, C., Schneider, J. M., Schyns, J. F., Skalsky, R., Smerald, A., Stella, T., Stephens, H., Webber, H.,
Zabel, F., and Rosenzweig, C.: Climate impacts on global agriculture emerge earlier in new generation of climate
and crop models, Nat Food, 2, 873—-885, https://doi.org/10.1038/s43016-021-00400-y, 2021.

Juhola, S., Klein, N., Kdyhko, J., and Schmid Neset, T.-S.: Climate change transformations in Nordic
agriculture?, Journal of Rural Studies, 51, 28-36, https://doi.org/10.1016/j.jrurstud.2017.01.013, 2017.

Jylha, K., Fronzek, S., Tuomenvirta, H., Carter, T. R., and Ruosteenoja, K.: Changes in frost, snow and Baltic sea
ice by the end of the twenty-first century based on climate model projections for Europe, Climatic Change, 86,
441-462, https://doi.org/10.1007/s10584-007-9310-z, 2008.

Kay, J. E., Deser, C., Phillips, A., Mai, A., Hannay, C., Strand, G., Arblaster, J. M., Bates, S. C., Danabasoglu,
G., Edwards, J., Holland, M., Kushner, P., Lamarque, J.-F., Lawrence, D., Lindsay, K., Middleton, A., Munoz,
E., Neale, R., Oleson, K., Polvani, L., and Vertenstein, M.: The Community Earth System Model (CESM) Large
Ensemble Project: A Community Resource for Studying Climate Change in the Presence of Internal Climate
Variability, Bulletin of the American Meteorological Society, 96, 1333—1349, https://doi.org/10.1175/BAMS-D-
13-00255.1, 2015.

Keller, K. M., Joos, F., and Raible, C. C.: Time of emergence of trends in ocean biogeochemistry,
Biogeosciences, 11, 3647-3659, https://doi.org/10.5194/bg-11-3647-2014, 2014.

Kirchmeier-Young, M. C., Zwiers, F. W., and Gillett, N. P.: Attribution of Extreme Events in Arctic Sea Ice
Extent, https://doi.org/10.1175/JCLI-D-16-0412.1, 2017.

Kiss, T., Dixon, L. E., Soltész, A., Banyai, J., Mayer, M., Balla, K., Allard, V., Galiba, G., Slafer, G. A.,
Griffiths, S., Veisz, O., and Karsai, I.: Effects of ambient temperature in association with photoperiod on

22



535

540

545

550

555

560

565

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

phenology and on the expressions of major plant developmental genes in wheat (Triticum aestivum L.), Plant,
Cell & Environment, 40, 1629—-1642, https://doi.org/10.1111/pce.12971, 2017.

Kosova, K., Nesporova, T., Vitamvas, P., Vitamvas, J., Klima, M., Ovesn4, J., and Prasil, 1. T.: How to survive
mild winters: Cold acclimation, deacclimation, and reacclimation in winter wheat and barley, Plant Physiology
and Biochemistry, 220, 109541, https://doi.org/10.1016/j.plaphy.2025.109541, 2025.

Leduc, M., Mailhot, A., Frigon, A., Martel, J.-L., Ludwig, R., Brietzke, G. B., Giguére, M., Brissette, F.,
Turcotte, R., Braun, M., and Scinocca, J.: The ClimEx Project: A 50-Member Ensemble of Climate Change
Projections at 12-km Resolution over Europe and Northeastern North America with the Canadian Regional
Climate Model (CRCMS), https://doi.org/10.1175/JAMC-D-18-0021.1, 2019.

Lehner, F.: Climate model large ensembles as test beds for applied compound event research, iScience, 27,
111113, https://doi.org/10.1016/].is¢i.2024.111113, 2024.

Lehner, F. and Deser, C.: Origin, importance, and predictive limits of internal climate variability, Environ. Res.:
Climate, 2, 023001, https://doi.org/10.1088/2752-5295/accf30, 2023.

Lehner, F., Deser, C., and Terray, L.: Toward a New Estimate of “Time of Emergence” of Anthropogenic
Warming: Insights from Dynamical Adjustment and a Large Initial-Condition Model Ensemble, Journal of
Climate, 30, 7739-7756, https://doi.org/10.1175/JCLI-D-16-0792.1, 2017.

Lesk, C., Anderson, W., Rigden, A., Coast, O., Jigermeyr, J., McDermid, S., Davis, K. F., and Konar, M.:
Compound heat and moisture extreme impacts on global crop yields under climate change, Nat Rev Earth
Environ, 3, 872-889, https://doi.org/10.1038/s43017-022-00368-8, 2022.

Li, N., Sippel, S., Linscheid, N., Mahecha, M. D., Reichstein, M., and Bastos, A.: Quantifying the time of
emergence of the anthropogenic signal in the global land carbon sink, Biogeosciences, 23, 767-792,
https://doi.org/10.5194/bg-23-767-2026, 2026.

Maher, N., Milinski, S., Suarez-Gutierrez, L., Botzet, M., Dobrynin, M., Kornblueh, L., Kréger, J., Takano, Y.,
Ghosh, R., Hedemann, C., Li, C., Li, H., Manzini, E., Notz, D., Putrasahan, D., Boysen, L., Claussen, M., Ilyina,
T., Olonscheck, D., Raddatz, T., Stevens, B., and Marotzke, J.: The Max Planck Institute Grand Ensemble:
Enabling the Exploration of Climate System Variability, Journal of Advances in Modeling Earth Systems, 11,
2050-2069, https://doi.org/10.1029/2019MS001639, 2019.

Maher, N., Milinski, S., and Ludwig, R.: Large ensemble climate model simulations: Introduction, overview, and
future prospects for utilising multiple types of large ensemble, Earth System Dynamics, 12, 401418,
https://doi.org/10.5194/esd-12-401-2021, 2021.

Migata, K., Wieczorek, M., Kasprzak, M., and Traczyk, A.: Long-term trends of freeze-thaw cycles in the
Northern Hemisphere, Climatic Change, 179, 7, https://doi.org/10.1007/s10584-025-04092-2, 2025.

Miller, J., Bohnisch, A., Ludwig, R., and Brunner, M. L.: Climate change impacts on regional fire weather in

heterogeneous landscapes of central Europe, Natural Hazards and Earth System Sciences, 24, 411428,
https://doi.org/10.5194/nhess-24-411-2024, 2024.

23



570

575

580

585

590

595

600

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Mittermeier, M., Braun, M., Hofstitter, M., Wang, Y., and Ludwig, R.: Detecting Climate Change Effects on Vb
Cyclones in a 50-Member Single-Model Ensemble Using Machine Learning, Geophysical Research Letters, 46,
14653-14661, https://doi.org/10.1029/2019GL084969, 2019.

Muiioz-Sabater, J., Dutra, E., Agusti-Panareda, A., Albergel, C., Arduini, G., Balsamo, G., Boussetta, S.,
Choulga, M., Harrigan, S., Hersbach, H., Martens, B., Miralles, D. G., Piles, M., Rodriguez-Fernandez, N. J.,
Zsoter, E., Buontempo, C., and Thépaut, J.-N.: ERA5-Land: a state-of-the-art global reanalysis dataset for land
applications, Earth System Science Data, 13, 43494383, https://doi.org/10.5194/essd-13-4349-2021, 2021.

Olesen, J. E., Trnka, M., Kersebaum, K. C., Skjelvag, A. O., Seguin, B., Peltonen-Sainio, P., Rossi, F., Kozyra,
J., and Micale, F.: Impacts and adaptation of European crop production systems to climate change, European
Journal of Agronomy, 34, 96—112, https://doi.org/10.1016/j.€ja.2010.11.003, 2011.

Olesen, J. E., Borgesen, C. D., Elsgaard, L., Palosuo, T., Rotter, R. P., Skjelvig, A. O., Peltonen-Sainio, P.,
Borjesson, T., Trnka, M., Ewert, F., Siebert, S., Brisson, N., Eitzinger, J., van Asselt, E. D., Oberforster, M., and
van der Fels-Klerx, H. J.: Changes in time of sowing, flowering and maturity of cereals in Europe under climate
change, Food Additives & Contaminants: Part A, 29, 15271542,
https://doi.org/10.1080/19440049.2012.712060, 2012.

Pagter, M. and Arora, R.: Winter survival and deacclimation of perennials under warming climate: physiological
perspectives, Physiologia Plantarum, 147, 75-87, https://doi.org/10.1111/1.1399-3054.2012.01650.x, 2013.

Peltonen-Sainio, P., Jauhiainen, L., and Hannukkala, A.: Declining rapeseed yields in Finland: how, why and
what next?, The Journal of Agricultural Science, 145, 587-598, https://doi.org/10.1017/S0021859607007381,
2007.

Ponomareva, M. L., Gorshkov, V. Yu., Ponomarev, S. N., Korzun, V., and Miedaner, T.: Snow mold of winter
cereals: a complex disease and a challenge for resistance breeding, Theor Appl Genet, 134, 419-433,
https://doi.org/10.1007/s00122-020-03725-7, 2021.

Porter, J. R. and Gawith, M.: Temperatures and the growth and development of wheat: a review, European
Journal of Agronomy, 10, 23-36, https://doi.org/10.1016/S1161-0301(98)00047-1, 1999.

Poschlod, B., Zscheischler, J., Sillmann, J., Wood, R. R., and Ludwig, R.: Climate change effects on
hydrometeorological compound events over southern Norway, Weather and Climate Extremes, 28, 100253,
https://doi.org/10.1016/j.wace.2020.100253, 2020.

Rashid, M. A., Jabloun, M., Andersen, M. N., Zhang, X., and Olesen, J. E.: Climate change is expected to
increase yield and water use efficiency of wheat in the North China Plain, Agricultural Water Management, 222,

193-203, https://doi.org/10.1016/j.agwat.2019.06.004, 2019.

Ray, D. K., Gerber, J. S., MacDonald, G. K., and West, P. C.: Climate variation explains a third of global crop
yield variability, Nat Commun, 6, 5989, https://doi.org/10.1038/ncomms6989, 2015.

24



605

610

615

620

625

630

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Rezaei, E. E., Webber, H., Asseng, S., Boote, K., Durand, J. L., Ewert, F., Martre, P., and MacCarthy, D. S.:
Climate change impacts on crop yields, Nat Rev Earth Environ, 4, 831-846, https://doi.org/10.1038/s43017-023-
00491-0, 2023.

Rodgers, K. B., Lin, J., and Frolicher, T. L.: Emergence of multiple ocean ecosystem drivers in a large ensemble
suite with an Earth system model, Biogeosciences, 12, 3301-3320, https://doi.org/10.5194/bg-12-3301-2015,
2015.

Rodgers, K. B., Lee, S.-S., Rosenbloom, N., Timmermann, A., Danabasoglu, G., Deser, C., Edwards, J., Kim, J.-
E., Simpson, 1. R., Stein, K., Stuecker, M. F., Yamaguchi, R., Bodai, T., Chung, E.-S., Huang, L., Kim, W. M.,
Lamarque, J.-F., Lombardozzi, D. L., Wieder, W. R., and Yeager, S. G.: Ubiquity of human-induced changes in
climate variability, Earth System Dynamics, 12, 1393—-1411, https://doi.org/10.5194/esd-12-1393-2021, 2021.

Rojas, M., Lambert, F., Ramirez-Villegas, J., and Challinor, A. J.: Emergence of robust precipitation changes
across crop production areas in the 21st century, Proceedings of the National Academy of Sciences, 116, 6673—
6678, https://doi.org/10.1073/pnas.1811463116, 2019.

Salehi Sardoei, A. and Fazeli-Nasab, B.: Physiological and Molecular Mechanisms of Freezing in Plants, Phyton-
International Journal of Experimental Botany, 94, 1601-1630, https://doi.org/10.32604/phyton.2025.064729,
2025.

Sarofim, M. C., Smith, C. J., Malek, P., McDuffie, E. E., Hartin, C. A., Lay, C. R., and McGrath, S.: High
radiative forcing climate scenario relevance analyzed with a ten-million-member ensemble, Nat Commun, 15,
8185, https://doi.org/10.1038/s41467-024-52437-9, 2024.

SCB: Statistikdatabasen, https://www.statistikdatabasen.scb.se/pxweb/sv/ssd/START _JO__JO0601/SkordarL2/,
2024.,2024.

Schuhen, N, Iles, C. E., Sandstad, M., Ananiev, V., and Sillmann, J.: Emergence of climate change signal in
CMIP6 extreme indices, Natural Hazards and Earth System Sciences, 26, 753—773, https://doi.org/10.5194/nhess-
26-753-2026, 2026.

Separovic’, L., Alexandru, A., Laprise, R., Martynov, A., Sushama, L., Winger, K., Tete, K., and Valin, M.:
Present climate and climate change over North America as simulated by the fifth-generation Canadian regional
climate model, Clim Dyn, 41, 3167-3201, https://doi.org/10.1007/s00382-013-1737-5, 2013.

Shimoda, S., Shimazaki, Y., Ikenaga, S., Kawakita, S., Nakajima, M., and Seki, M.: Uneven changes in air and
crown temperatures associated with snowpack changes affect the phenology of overwintering cereals, Science of
The Total Environment, 953, 175750, https://doi.org/10.1016/].scitotenv.2024.175750, 2024.

Sjulgard, H., Keller, T., Garland, G., and Colombi, T.: Relationships between weather and yield anomalies vary

with crop type and latitude in Sweden, Agricultural Systems, 211, 103757,
https://doi.org/10.1016/j.agsy.2023.103757, 2023.

25



635

640

645

650

655

660

665

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Skinner, D. Z., Bellinger, B. S., Hansen, J. C., and Kennedy, A. C.: Carbohydrate and Lipid Dynamics in Wheat
Crown Tissue in Response to Mild Freeze—Thaw Treatments, Crop Science, 54, 1721-1728,
https://doi.org/10.2135/cropsci2013.09.0604, 2014.

Stewart, B. A., Thapa, S., Xue, Q., and Shrestha, R.: Climate change effect on winter wheat (Triticum aestivum
L.) yields in the US Great Plains, Journal of Soil and Water Conservation, 73, 601-609,
https://doi.org/10.2489/jswc.73.6.601, 2018.

Strandberg, G., Nilsson, C., Wilcke, R. A. L., and Wiréhn, L.: Late spring frost may hinder Scandinavian farmers
from making advantage of the longer vegetation period, Commun. Sustain., 1, 133,
https://doi.org/10.1038/s44458-026-00141-8, 2026.

Teutschbein, C. and Seibert, J.: Bias correction of regional climate model simulations for hydrological climate-
change impact studies: Review and evaluation of different methods, Journal of Hydrology, 456—457, 12-29,
https://doi.org/10.1016/j.jhydrol.2012.05.052, 2012.

Teutschbein, C., Quesada Montano, B., Todorovi¢, A., and Grabs, T.: Streamflow droughts in Sweden:
Spatiotemporal patterns emerging from six decades of observations, Journal of Hydrology: Regional Studies, 42,
101171, https://doi.org/10.1016/j.¢jrh.2022.101171, 2022.

Teutschbein, C., Jonsson, E., Todorovi¢, A., Tootoonchi, F., Stenfors, E., and Grabs, T.: Future drought
propagation through the water-energy-food-ecosystem nexus — A Nordic perspective, Journal of Hydrology, 617,
128963, https://doi.org/10.1016/j.jhydrol.2022.128963, 2023.

Thorup-Kristensen, K., Salmeron Cortasa, M., and Loges, R.: Winter wheat roots grow twice as deep as spring
wheat roots, is this important for N uptake and N leaching losses?, Plant Soil, 322, 101-114,
https://doi.org/10.1007/s11104-009-9898-z, 2009.

Tootoonchi, F., Haerter, J. O., Réty, O., Todorovic, A., Grabs, T., and Teutschbein, C.: Uni- and multivariate bias
adjustment methods in Nordic catchments: Complexity and performance in a changing climate, Science of The
Total Environment, 2022.

Tootoonchi, F., Todorovi¢, A., Grabs, T., and Teutschbein, C.: Uni- and multivariate bias adjustment of climate
model simulations in Nordic catchments: Effects on hydrological signatures relevant for water resources
management in a changing climate, Journal of Hydrology, 129807,
https://doi.org/10.1016/j.jhydrol.2023.129807, 2023.

Tootoonchi, F., Bergkvist, G., and Vico, G.: Warmer growing seasons improve cereal yields in Northern Europe
only with increasing precipitation, Biogeosciences, 23, 2583-2599, https://doi.org/10.5194/bg-23-2583-2026,
2026.

von Trentini, F., Leduc, M., and Ludwig, R.: Assessing natural variability in RCM signals: comparison of a multi

model EURO-CORDEX ensemble with a 50-member single model large ensemble, Clim Dyn, 53, 1963-1979,
https://doi.org/10.1007/s00382-019-04755-8, 2019.

26



670

675

680

685

690

695

https://doi.org/10.5194/egusphere-2026-6127
Preprint. Discussion started: 23 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Trnka, M., Olesen, J. E., Kersebaum, K. C., Skjelvig, A. O., Eitzinger, J., Seguin, B., Peltonen-Sainio, P., Rotter,
R., Iglesias, A., Orlandini, S., Dubrovsky, M., Hlavinka, P., Balek, J., Eckersten, H., Cloppet, E., Calanca, P.,
Gobin, A., Vuceti¢, V., Nejedlik, P., Kumar, S., Lalic, B., Mestre, A., Rossi, F., Kozyra, J., Alexandrov, V.,
Semeradova, D., and Zalud, Z.: Agroclimatic conditions in Europe under climate change, Global Change
Biology, 17, 2298-2318, https://doi.org/10.1111/j.1365-2486.2011.02396.x, 2011.

ey —

and reacclimation on metabolite profiles and freezing tolerance in winter wheat, Front. Plant Sci., 13,
https://doi.org/10.3389/1pls.2022.959118, 2022.

Weir, A. H., Bragg, P. L., Porter, J. R., and Rayner, J. H.: A winter wheat crop simulation model without water or
nutrient limitations, The Journal of Agricultural Science, 102, 371-382,
https://doi.org/10.1017/S0021859600042702, 1984.

Westra, S., Fowler, H. J., Evans, J. P., Alexander, L. V., Berg, P., Johnson, F., Kendon, E. J., Lenderink, G., and
Roberts, N. M.: Future changes to the intensity and frequency of short-duration extreme rainfall, Reviews of
Geophysics, 52, 522-555, https://doi.org/10.1002/2014RG000464, 2014.

Willick, I. R., Tanino, K. K., and Gusta, L. V.: The impact of global climate change on the freezing tolerance of
winter cereals in Western Canada, Journal of Agronomy and Crop Science, 207, 88-99,
https://doi.org/10.1111/jac.12447, 2021.

Wiréhn, L.: Nordic agriculture under climate change: A systematic review of challenges, opportunities and
adaptation strategies for crop production, Land Use Policy, 77, 63-74,
https://doi.org/10.1016/j.landusepol.2018.04.059, 2018.

Zampieri, M., Ceglar, A., Dentener, F., and Toreti, A.: Wheat yield loss attributable to heat waves, drought and
water excess at the global, national and subnational scales, Environ. Res. Lett., 12, 064008,
https://doi.org/10.1088/1748-9326/aa723b, 2017.

Zhang, M. and Gao, Y.: Time of emergence in climate extremes corresponding to Képpen-Geiger classification,
Weather and Climate Extremes, 41, 100593, https://doi.org/10.1016/j.wace.2023.100593, 2023.

Zscheischler, J., Orth, R., and Seneviratne, S. I.: Bivariate return periods of temperature and precipitation explain

a large fraction of European crop yields, Biogeosciences, 14, 3309-3320, https://doi.org/10.5194/bg-14-3309-
2017, 2017.

27



