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Abstract. Due to increasing temperatures, the growing season is expanding in Norway, except on glaciers and
in high mountain areas. It now starts earlier and ends later in the year, when night–time temperatures may still
be low. Therefore, despite a decreasing number of frost days in a generally warmer climate, a longer growing
season may lead to an increased risk of frost early or late in the growing season.

Frost early in the growing season can pose a risk for several plant species. In Norway, there have been incidents
where fruit crops were destroyed after an unusually warm period followed by a cold spell.

In this study, we show that frost in the beginning of the growing season is already a risk factor in lowland
areas of South Norway, with the highest risk in the southeast. Changes between the periods 1961–1990 and
1991–2020 show the largest increase in the number of days along the west coast of South Norway, which is also
where the growing season has increased the most. Future scenarios indicate an even higher risk of frost days in
the beginning of the growing season along the coast of Norway, except in the northernmost areas. The increase
in risk is highest in the same areas where the growing season is projected to increase the most. In contrast, the
risk decreases in many inland areas of South Norway.

1 Introduction

Air temperature is rising as a result of a changing climate
(IPCC, 2021). This leads to a longer growing season and
fewer frost and cold extremes (IPCC, 2021). Although the
number of frost days is decreasing, studies show that the
risk of frost after the growing season has started, or in early
spring, has increased (e.g. Liu et al., 2018; Nidzgorska-
Lencewicz et al., 2024; Vautard et al., 2023; Dyrrdal et al.,
2025).

Despite the ongoing warming of the climate, frosts remain
a risk to crops (Nidzgorska-Lencewicz et al., 2024). Liu et al.
(2018) found a significant increase in frost days during the
growing season, despite an overall decline in total frost days,
across the Northern Hemisphere between 1982 and 2012, es-
pecially in Europe during spring. Frost days in the beginning
of the growing season can affect different areas, plant species
and agricultural sectors. For example, in France a cold spell
in April 2021 damaged grapevines and fruit trees (Vautard

et al., 2023). Frost can also affect the uptake of CO2 by
damaging trees, resulting in a less effective photosynthesis
(Hufkens et al., 2012; Wang et al., 2025).

Press releases in recent years document several examples
of frost affecting plum and apple blossom in Norway (Stor-
fossen, 2005; Dalen, 2014; Buaas et al., 2019), as well as
blackcurrant (Lile, 2013). A common feature of these years is
early flowering, caused by a warm period in early spring fol-
lowed by a cold spell. Spring 2025 was the warmest on record
in the eastern part of South Norway, based on a temperature
time series going back to 1901 (Grinde et al., 2025). This
led to an early start of the growing season in several areas of
Norway. A Norwegian blackcurrant farmer argued that farm-
ers in Norway are insufficiently prepared for cold spells oc-
curring after the beginning of the growing season (Myrvang
and Skålevik, 2025). Unlike in France, Norwegian farmers
often lack protective equipment such as braziers (“braseros”)
used in vineyards to prevent freezing. Timely information on
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growing season changes and the risk of frost days in the be-
ginning of the growing season can support farm management
and climate adaptation.

Several studies indicate that even though the number of
frost days continues to decrease in a warmer future climate,
there will still be a risk of frost days after the growing sea-
son has started because of an earlier start of the growing
season. This shift increases frost exposure across agriculture
and forestry, for example in French viticulture (Sgubin et al.,
2018) and in Norway spruce stands in Sweden (Svystun et
al., 2021). In Quebec, Canada, trees with early budburst or
leaf–out likewise remain at risk, although the risk is projected
to decline (Marquis et al., 2022).

Previous work on frost during the growing season includes
historical analyses (Tajet et al., 2025) and future scenario
maps made available online and summarized in the national
climate report (Dyrrdal et al., 2025). In this paper, we inves-
tigate whether the earlier start of the growing season associ-
ated with a warmer climate leads to increased frost exposure.
We provide a systematic assessment of historical and pro-
jected changes across Norway, including the full distribution
of frost risk and regional differences under different emission
scenarios.

2 Data and Methods

2.1 Data

For this work, we used both historical data (from obser-
vations and gridded datasets) and future climate projec-
tions. Observations from meteorological stations in Norway
are available at http://seklima.met.no (last access: 5 Octo-
ber 2026) or http://frost.met.no (last access: 5 October 2026).
The temperature is measured at 2 m height. These observa-
tions were used to study historical changes in frost days in
the beginning of the growing season for the two historical
normal periods 1961–1990 and 1991–2020.

Observation–based gridded data at daily resolution are
used for the same historical normal periods. The dataset has
a 1 km× 1 km grid resolution and covers mainland Norway.
It is available from 1957 to the present (Lussana et al., 2019;
Lussana, 2020c). The latest version available at the outset of
this study, seNorge2018 version 20.05, is used for the time
period 1961–2020 to study historical development. Grid–cell
values represent area averages and are therefore not directly
comparable to point observations from individual stations
(e.g. Smith et al., 2025). Gridded datasets provide a repre-
sentative picture for nationwide analyses, but very local phe-
nomena may be smoothed and not fully captured.

Additionally, bias-adjusted daily climate projections of
temperature are analysed for the periods 2041–2070 and
2071–2100. The future climate projections follow the sce-
narios RCP2.6, RCP4.5 and SSP3-7.0, representing low,
medium and high emissions. The bias-adjusted data are
based on an ensemble from EURO-CORDEX (Jacob et al.,

2020) consisting of ten regional climate model simulations
for each scenario (Table A1), downscaled for Norway to the
same resolution as the historical data (1km× 1km). More de-
tails on the bias-adjusted data, methods and model selection
can be found in Huang et al. (2026). The complete set of
daily bias-adjusted data is freely available at the Arctic Data
Centre (Wong et al., 2025).

We use gridded data to obtain a spatially complete pic-
ture for nationwide analyses, complemented by station data
to provide more detailed information at selected locations.
For the current climate, we analyse historical time periods.
For future climate, we consider three different scenarios to
capture the range of possible developments.

2.2 Thermal growing season and frost days

The growing season depends on several factors, including
temperature, insolation, precipitation and snow cover. This
paper focuses on the thermal growing season. For Nordic
countries, Carter (1998) recommended a daily mean air tem-
perature above 5 °C as a threshold for active plant growth.
Skaugen and Tveito (2004) used this threshold temperature
in their study of the start and end of the growing season for
Norway and applied the average monthly temperature to get
smoothed daily mean temperatures for 30-year periods. Due
to the smoothing curve, this method does not include fluctua-
tions around the 5 °C threshold. However, to study frost days
after the beginning of the growing season, a smoothed daily
curve is not sufficient. The start of the growing season must
be defined for each individual year in order to count the frost
days after this date. In the present study, we have thus used
the definition recommended by the “Expert Team on Climate
Change Detection and Indices” (ETCCDI) (Karl et al., 1999;
Peterson et al., 2001): at least six consecutive days with a
daily mean temperature above 5 °C. The same definition was
used by Zhou et al. (2018).

According to ETCCDI, frost days are defined as days
when the minimum temperature is below 0 °C (Peterson et
al., 2001). We count the number of frost days from the start
of the growing season until 1 July, or until the end of the
growing season if it occurs before 1 July. We define the end
of the growing season as the first day in the last period of
the year with six consecutive days of daily mean temperature
above 5 °C. 1 July was chosen as the cutoff because agricul-
tural activity in Norway is mainly concentrated in lowland ar-
eas where the growing season starts earlier. Our assessment
therefore focuses on early–season frost risk, which is most
relevant for these regions.

Estimates of frost days depend on how the start of the
growing season is defined. Counts differ when the start is
taken as the midpoint of the six consecutive days of daily
mean temperature above 5 °C versus the end of that window.
In our historical analysis, we define the start of the growing
season at the end of the six-day period and count frost days
from day 7 onward. This contrasts with Tajet et al. (2025) and
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Dyrrdal et al. (2025), who set the start of the growing season
at the midpoint. For the future period, we use the midpoint
definition because we use the same future dataset as Dyrrdal
et al. (2025). A sensitivity check for the historical period
(comparing the two definitions) indicates that frost days can
occur within the six-day window as the growing season be-
gins. However, differences between the two definitions in the
30-year median number of frost days are generally no greater
than one day, with local maxima of three days (not shown).

2.3 Methods

Some years include short warm spells of six consecutive
days with temperatures above 5 °C early in the year. These
episodes activate the growing season index. However, such
brief warm episodes are usually false starts to the growing
season (Davis, 1972; Cornes et al., 2019) and artificially in-
crease the number of frost days in the early season. To reduce
the impact of single years with an early false start, we use the
30-year median instead of the mean.

Agricultural land in Norway ranges from near sea level to
approximately 800–900 m a.s.l., but most of this land is lo-
cated at low elevations in counties in South Norway (Statis-
tics Norway, 2026). Figure 1 shows the topography of Nor-
way on a 1 km× 1 km grid with county borders. In low-
land areas up to about 200 m a.s.l. (light green in Fig. 1),
grain is the main crop, and this zone is the primary area for
fruit and vegetable production. More inland areas and valleys
are dominated by forage production (grass and silage) and
livestock farming, although fruit and vegetables are grown
in some locations. At higher elevations, from about 500 to
900 m a.s.l., production is mainly grass and summer grazing.
Areas above 900 m a.s.l. (white in Fig. 1) contain little crop-
land. The present study is most relevant for the production
of grain, fruit and vegetables, and therefore mainly concerns
areas below 500 m a.s.l. (green areas in Fig. 1).

Consistent with Norwegian administrative geography,
“North Norway” denotes the counties of Nordland, Troms
and Finnmark from Fig. 1, while “South Norway” includes
Trøndelag and all counties to the south. This regional con-
vention is applied throughout the manuscript.

Six meteorological stations representative of major agri-
cultural regions in Norway were analysed. Oslo and Tveit-
sund represent the eastern sector of South Norway. Sola and
Sauda represent the western coastal sector of South Nor-
way. Værnes represents Mid-Norway (Trøndelag) and Bodø
represents Nordland in North Norway. Station locations are
shown in Fig. 2 (Sect. 3.1.1). Table 1 lists each station’s ele-
vation (m a.s.l.) and geographic coordinates (latitude, longi-
tude).

Data are incomplete in some years for the stations Sauda
and Tveitsund. Years with any missing daily mean or mini-
mum temperature within the period were excluded from the
analysis to prevent them from affecting the results (encoded
as NA).

Figure 1. Topography of Norway divided into five elevation zones
(m a.s.l.). County borders are shown; selected county names are pro-
vided.

Table 1. Location and height above sea level for six selected mete-
orological stations listed south to north.

Station name m a.s.l. Latitude Longitude

Sola 7 58.884° N 5.637° E
Tveitsund 252 59.026° N 8.519° E
Sauda 5 59.648° N 6.350° E
Oslo 94 59.942° N 10.72° E
Værnes 12 63.459° N 10.930° E
Bodø 16 67.272° N 14.382° E

3 Results and Discussion

3.1 Results

3.1.1 Frost days in the beginning of the growing season
for Norway in the present climate (1991–2020)

Figure 2a shows the distribution of frost days in the begin-
ning of the growing season for Norway in the period 1991–
2020. The number of frost days (30-year median) ranges
from 0 to 14 d. In most parts of South Norway there are frost
days in the beginning of the growing season, except in some
mountain areas and in parts of the coastal zone. Most areas
have between 2 and 4 d, and some areas up to one week. The
southeastern parts of South Norway have the highest num-
bers, with medians of up to 14 frost days in the period. North
Norway has very few frost days in the beginning of the grow-
ing season. Only some areas in Nordland County (county lo-
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Figure 2. (a) Frost days in the beginning of the growing season, median of the period 1991–2020, and location of the six meteorological
stations used in this study. (b) Start of the thermal growing season, day of year (DOY), average for the period 1991–2020.

cations are shown in Fig. 1) have medians of 1–4 frost days,
and some areas in Finnmark County have a median of one
frost day in the period.

The day of the year the thermal growing season starts in
Norway is shown in Fig. 2b, averaged over the period 1991–
2020. In coastal areas in the western part of South Norway,
the growing season starts in February and March. In the ma-
jority of Norway, it starts in April and May. In the mountain
areas of Norway and inner parts of the Troms and Finnmark
counties, the growing season is short (Dyrrdal et al., 2025),
and typically starts in June or even July (Fig. 2b). Conse-
quently, these high–altitude regions exhibit very few frost
days in the beginning of the growing season (Fig. 2a), de-
spite experiencing many frost days throughout the year.

In years when the growing season starts very early, the po-
tential number of frost days is high in some areas. To analyse
the spatial pattern in years with many frost days in the be-
ginning of the growing season, the 75th and 90th percentiles
were calculated for the period 1991–2020 (Fig. 3). The 75th
percentile shows that many areas in Norway can have frost
days for up to seven days in the beginning of the growing
season. Some areas in South Norway can have up to 14 d,
and certain coastal areas and a few inland regions can have
more than 14 frost days in this period. The 90th percentile
(Fig. 3b) shows that in some years the frost exposure can be
particularly high, especially in South Norway.

3.1.2 Historical changes (from 1961–1990 to
1991–2020)

For all six stations that represent agricultural areas in Nor-
way, the mean, median, 75th percentile (p75) and 90th per-
centile (p90) number of frost days in the beginning of the
growing season were calculated for the periods 1961–1990
and 1991–2020 (Table 2).

As shown in Table 2, the mean number of frost days in
the beginning of the growing season is higher in 1991–2020
than in 1961–1990 for most stations. At Sola, the mean has
increased from 7.6 d in 1961–1990 to 14.8 d in 1991–2020,
while the median has increased from 6.0 to 10.5 d. The upper
percentiles (p75 and p90) have also increased for the later pe-
riod, with a particularly large increase in the 90th percentile.

Similar tendencies are observed at Oslo, Tveitsund and
Værnes, although both the number of days and the magni-
tude of change between the two normal periods are smaller
than at Sola. At Bodø, the mean has increased while the me-
dian remains zero.

In contrast, Sauda shows a slight decrease in the mean
number of frost days and in the 75th percentile between the
two normal periods, while the median and the 90th percentile
remain nearly unchanged (Table 2).

The number of frost days in the beginning of the grow-
ing season in the two normal periods 1961–1990 and 1991–
2020 is shown for six stations in Fig. 4: Oslo, Tveitsund,
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Figure 3. The (a) 75th and (b) 90th percentiles of frost days in the beginning of the growing season for Norway for the period 1991–2020.

Table 2. The mean, median, 75th and 90th percentiles (p75 and p90) of frost days in the beginning of the growing season for the periods
1961–1990 and 1991–2020 for six selected stations listed south to north.

Station Mean Median p75 p90

1961–1990 1991–2020 1961–1990 1991–2020 1961–1990 1991–2020 1961–1990 1991–2020

Sola 7.6 14.8 6.0 10.5 11 24.3 19 33.0
Tveitsund 4.9 6.5 3.5 6.0 7.8 8.0 11 12.2
Sauda 3.7 3.0 1.0 1.0 4.8 4.0 7.7 7.8
Oslo 1.7 2.6 0 2.0 2.0 4.0 5.1 7.0
Værnes 2.7 4.5 1.0 1.5 3.0 4.8 7.1 8.3
Bodø 1.1 4.0 0.5 0 1.8 2.8 4.0 9.3

Sola, Sauda, Værnes and Bodø (see locations in Table 1 and
Fig. 2). For Oslo, Tveitsund, Sola and Værnes (Fig. 4a, c, d,
f), the distribution has shifted towards higher values in 1991–
2020 compared with 1961–1990. This is consistent with the
increase in mean, median and upper percentiles shown in Ta-
ble 2. The interquartile range is wider in the more recent pe-
riod for Oslo, Sola, Bodø and Værnes, while it is slightly
narrower for Sauda and Tveitsund (Fig. 4). Overall, all dis-
played quantiles tend to increase, especially in the upper part.
For Bodø (Fig. 4e) the upper quantiles have shifted to sub-
stantially higher values.

3.1.3 Future frost days in the beginning of the growing
season (2041–2070, 2071–2100)

Having established the historical changes, we next examine
how frost risk may develop in the future under different emis-
sion scenarios. Projected changes in frost days in the begin-
ning of the growing season are shown in Fig. 5 for three
scenarios for the middle of the century (2041–2070) and the
end of the century (2071–2100), relative to the period 1991–
2020. The main pattern is an increase in the number of frost
days along the coast and a decrease in some inland areas of
South Norway. This contrast strengthens with higher emis-

sion scenarios. The largest increase is projected along the
western coast, in the area where the growing season also ex-
tends the most in the future (Dyrrdal et al., 2025). In these
coastal areas, the growing season may start already in Jan-
uary in future scenarios (Fig. B1).

With higher emission scenarios and towards the end of the
century, the number of frost days in the beginning of the
growing season along the coast increases and the area ex-
tends further north and east (Fig. 5). By the end of the cen-
tury, the low emission scenario shows a maximum increase
of 7 d. The medium and high emission scenarios both show
a maximum increase of 12 d, with the largest changes on the
western coast.

In parts of South Norway, the future scenarios indicate a
reduction in the number of affected days (Fig. 5). Most of
these areas show a decrease of 1 to 4 frost days in the be-
ginning of the growing season compared to 1991–2020. Un-
der the high emission scenario (SSP3-7.0), an area in the far
eastern part of South Norway shows a reduction of up to six
days. Many areas in North Norway, and some areas in South
Norway, exhibit only minor changes (±1 d).

Projected changes vary within the model ensemble. The
10th percentile of the model changes indicates a reduction
of frost days in the beginning of the growing season over
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Figure 4. Number of frost days in the beginning of the growing season for the periods 1961–1990 (blue) and 1991–2020 (green) for stations
(a) Oslo, (b) Sauda, (c) Tveitsund, (d) Sola, (e) Bodø and (f) Værnes. The boxes show the IQR (interquartile range: 25–75 percentiles) while
the white crosses show the median. The whiskers show the most extreme data point that is no more than 1.5 times the IQR from the box. The
dots show the outliers. Horizontal lines next to the boxes give the number of frost days per year in the two periods, with darker colours for
multiple occurrences. (Different y-axes are used: 0–35 d in the top and 0–70 d in the bottom plots).

almost all of Norway for all scenarios (Fig. C1). An excep-
tion is a small area along the southwestern coast where the
10th percentile shows a weak increase in the far future for the
medium and high emission scenarios. In contrast, the 90th
percentile (Fig. C2) shows an increase in many areas, espe-
cially along the Norwegian coast. In Innlandet County (see
location in Fig. 1) the 90th percentile from the high emission
scenario still shows a reduction of frost days in the beginning
of the growing season. Thus, although there is a spread in
the projections from the model ensemble, the pattern of a de-
creasing number of frost days in the beginning of the growing
season in Innlandet County and the increases along the coast
(e.g. in Rogaland County) is a rather robust result within the
model ensemble. The decreasing number of frost days in the
beginning of the growing season in Innlandet County for the
future (Fig. 5) coincides with areas of high historical frost
exposure (Fig. 2a).

However, locally the projected change of frost days in
the beginning of the growing season may vary consider-
ably among scenarios and ensemble members (Table D1). At
several locations, the ensemble mean indicates an increase,
while the 10th–90th percentile (p10–p90) range spans both

negative and positive changes, showing that the sign of the
projected change is not consistent across the ensemble.

The clearest increases occur at Sauda and Bodø towards
the end of the century, particularly under the high emis-
sion scenario. In Bodø, the ensemble mean increase reaches
8 d, with a p10–p90 range of 0–15 d. In contrast, projected
changes are small at Oslo and Tveitsund. Sola and Værnes
show larger ensemble spreads, with decreases at the 10th per-
centile and increases at the 90th percentile for several periods
and scenarios.

In some coastal areas of Rogaland, projected frost expo-
sure in the beginning of the growing season is slightly higher
under the medium emission scenario than under the high
emission scenario towards the end of the century. At Sola, the
start of the growing season (Table D2) shifts from 23 Febru-
ary (DOY 54) in 1991–2020 to 15 January (DOY 15) under
medium emissions and 8 January (DOY 8) under high emis-
sions in 2071–2100 (Fig. B1). The corresponding changes in
frost days are +7 and +4 d, respectively (Table D1).

Overall, the results show substantial spatial variation
across Norway, ranging from decreases or small changes to
relatively large increases of frost days in the beginning of the
growing season.
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Figure 5. Changes in frost days in the beginning of the growing season for the period 2041–2070 (top (a, b, c)) and 2071–2100 (bottom (d,
e, f)) following a low (RCP2.6, left column), medium (RCP4.5 middle column) and high (SSP3-7.0, right column) emission scenario. The
values shown are the model ensemble mean of the changes in the median number of annual frost days from the period 1991–2020.

3.2 Discussion

Norway is an elongated country extending from 58 to 71° N,
characterised by high mountains, deep fjords, valleys and
agricultural areas. This complex topography leads to large
spatial differences in frost exposure in the growing season.
Frost days during the growing season tend to occur most fre-
quently in short periods immediately after the season starts
and shortly before it ends (Liu et al., 2018). In this study, we
focus on frost days in the beginning of the growing season
due to the higher risk of damage in the initial growth phase.

Many areas in South Norway that experience up to seven
frost days in the beginning of the growing season in the pe-
riod 1991–2020 (Fig. 2a) are important agricultural regions
(Fig. 1). This can pose challenges for farmers, as frost dam-
age depends on plant species (Augspurger, 2013; Ma et al.,
2019). The growing season is defined based on temperature
only and does not necessarily represent the actual growing
season or phenological development of individual crops or
species. Frost sensitivity also varies between crops and phe-
nological stages. This paper focuses on frost exposure rather
than actual frost damage, which would require more tailored
studies.

By restricting the analysis to the period before 1 July
(Sect. 2.2), later frost events in high–elevation areas are not
included. Studies of high–altitude vegetation or forestry may
therefore need different seasonal thresholds.

We define frost days as days with a minimum tempera-
ture below 0 °C, using standard meteorological observations

at 2 m above ground. Other temperature thresholds (e.g. −1
to −4 °C or crop-specific thresholds), measurements at other
heights (e.g. near-ground or crop-specific heights), and avail-
able daylight may provide additional information, but these
are beyond the scope of the present study.

3.2.1 Changes historically

Recent warming has not necessarily reduced frost in the be-
ginning of the growing season. Tajet et al. (2025) found
greater frost exposure in large parts of South Norway be-
tween the periods 1961–1990 and 1991–2020, but less in
parts of North Norway, central Norway and northern areas
of South Norway. Liu et al. (2018) found that the risk of frost
days during the spring growing season in Europe increased
between 1982 and 2012. Ma et al. (2019) found a diverging
trend for recent decades in Europe, with an increased risk of
frost damage in low–lying coastal and maritime areas, and
decreased risk at higher altitudes in more continental areas.

In Norway, an early onset of the growing season increases
the risk of frost days, because nights are long and dark, es-
pecially before the spring equinox. When the season starts
earlier, more of the growing period falls in a part of the year
when daily minimum temperatures can still drop below 0 °C.
Historically, the total number of frost days in Norway has de-
creased as temperatures have risen (Tajet et al., 2024). How-
ever, in regions with an early onset of the growing season,
this earlier onset can outweigh the reduction in frost days. As
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a result, the risk of frost days in the beginning of the growing
season can increase.

These general trends, however, hide important regional
differences in frost risk. Regional frost risk patterns vary sig-
nificantly between coastal and inland areas. This is especially
clear when comparing Sola and Sauda, two stations at simi-
lar elevations (5–7 m a.s.l.). At Sola, the most frost–exposed
years now include more frost days after the growing season
has started than in the earlier period (Fig. 4d, Table 2). Fur-
thermore, the wider interquartile range in the recent period
(Fig. 4d) indicates greater interannual variability in early–
season frost, which could make adaptation planning more
difficult. In contrast, Sauda shows an opposing trend (Ta-
ble 2, Fig. 4b), with fewer frost days in the beginning of the
growing season in most years, while frost exposure in the
most extreme years is unchanged.

This contrast is linked to the timing of the growing season;
at Sola the growing season in 1991–2020 typically starts in
February, while at Sauda, the growing season typically starts
in April (Fig. 2b, Table D2), when the nights are consid-
erably shorter. Sola is more exposed to coastal conditions,
where mild spells are more frequent and can trigger an early
start of the growing season. Sauda is located further inland,
where the climate is less influenced by such mild spells, and
the growing season therefore starts later. This regional dif-
ference, where coastal areas risk increased exposure despite
overall warming, is a key finding that underlines the need for
location–specific adaptation measures. This pattern is consis-
tent with the maritime–continental pattern reported by Ma et
al. (2019).

3.2.2 Changes for the future

Under a future warmer climate, the total number of frost
days in Norway is projected to decline (Dyrrdal et al., 2025).
In contrast, the number of frost days in the beginning of
the growing season is projected to increase in some regions
(Fig. 5). This increase is most evident in coastal areas, from
Østfold County in the south to Troms County in the north
(see counties in Fig. 1). These results are consistent with pre-
vious studies. Sgubin et al. (2018) and Svystun et al. (2021)
showed that although climate models project fewer cold days
in the future, frost risk can still increase. The main reason is
that budburst is expected to advance more rapidly with warm-
ing than the reduction in spring frost. Similarly, Vautard et al.
(2023) found that more frequent frost damage events can be
expected in a 2 °C warmer climate, because the growing sea-
son starts earlier.

The contrasting responses suggest that an earlier growing
season onset does not necessarily increase frost exposure. At
Sola, the growing season starts earlier under SSP3-7.0 than
under RCP4.5, yet fewer frost days occur after onset. This
implies that, under SSP3-7.0, the increase in minimum tem-
perature reduces the number of days with temperatures be-
low 0 °C enough to compensate for the increased exposure

caused by an earlier start of the growing season. The reduc-
tion in frost days is smaller under the medium emission sce-
nario than under the high emission scenario. This may ex-
plain why frost exposure is slightly higher under medium
than high emissions in Sola and parts of coastal Rogaland.

For some inland areas of South Norway, the opposite re-
sponse occurs; frost days are decreasing more than the grow-
ing season is expanding. In these areas, the risk of frost days
early in the growing season is declining (Figs. 5, C1, C2).
Similar decreases in frost risk were identified for continental
Europe and Canada (Ma et al., 2019; Marquis et al., 2022).

Other studies have also used climate model ensembles to
investigate future frost risk (Marquis et al., 2022; Vautard
et al., 2023). Marquis et al. (2022) found large variability
among climate model projections of future frost occurrence.
Here, we have assessed the robustness of projected changes
in frost days after the start of the growing season across Nor-
way using the 10th and 90th percentiles of the model ensem-
ble. Contrasting changes between the lower and upper per-
centiles indicate that modelled changes in frost days in the
beginning of the growing season are not uniformly robust
across Norway. For some areas, where the 10th and 90th per-
centiles span both negative and positive values, the ensemble
does not provide a consistent direction of change. In contrast,
locations where the ensemble mean and both percentiles have
the same sign show a more robust result within the ensemble.

The wider ensemble spread at some locations and under
some high emission projections also suggests that the mag-
nitude of future changes is less constrained in these cases.
These differences should be considered when assessing fu-
ture frost risk, as changes in the ensemble mean alone may
conceal substantial variation among projections.

For adaptation, it is important to consider years with many
frost days in the beginning of the growing season, as these
may pose substantial risks even where changes in the ensem-
ble mean are small.

4 Conclusions

Our results show that climate change is altering frost expo-
sure in the beginning of the growing season in Norway. Al-
though the number of frost days is decreasing overall, an ear-
lier start of the growing season can increase frost exposure in
some regions. This results in a clear regional contrast: frost
risk is projected to decrease in inland areas of South Norway,
while coastal areas may experience persistent or increasing
risk. Overall, our findings show that a warmer climate does
not necessarily lead to lower frost risk during the growing
season, because changes in risk also depend on how the tim-
ing of the growing season shifts.

Using observations from meteorological stations and grid-
ded historical and future data, including bias-adjusted cli-
mate model data, we assessed changes in frost days in the be-
ginning of the growing season in Norway. The large climatic
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and topographic variation across Norway results in strong re-
gional differences in frost exposure in the beginning of the
growing season. In summary, our findings are:

– Climatology for frost days in the beginning of the grow-
ing season in Norway:

– The median shows a minimum of frost days in the
beginning of the growing season in mountain ar-
eas in South Norway and most of North Norway,
which coincides with areas where the growing sea-
son starts late and agricultural activity is limited.

– The maximum risk is found in inland areas in the
southeast.

– There is considerable year-to-year variability in the
risk of frost days in the beginning of the growing
season.

– The risk is particularly high in years when the
growing season has an early onset.

– Areas along the southern and western coast, where
the growing season starts early, can experience indi-
vidual years with several frost days in the beginning
of the growing season.

– Historical development at six selected (five coastal) sta-
tions in agricultural areas between the periods 1961–
1990 and 1991–2020:

– The risk of frost days in the beginning of the grow-
ing season has increased at all stations except one.

– There is greater year-to-year variability at all sta-
tions, except the inland station.

– Future projections:

– Coastal areas of Norway are projected to experi-
ence an increasing risk, with a robust signal in parts
of Rogaland County.

– Inland areas of South Norway show a decreasing
risk in the future, with a robust signal in Innlandet
County.

– The reduction of frost days in the beginning of
the growing season is more evident under higher
emission scenarios, reflecting higher future temper-
atures projected for Norway.

– The pattern of increased frost risk along the coast
and reduced risk in inland areas is consistent with
several European studies.

4.1 Future work

To look at the damage from frost days after the growing sea-
son has started, there is a need for more crop-specific analy-
ses that account for different phenological stages. For peren-
nial species, winter climate is also relevant, as it is important

for the development of frost tolerance. For case studies in
Norway, temperature data can be combined with data on bud-
burst, developing leaves, or flowers for years with frost days
in the beginning of the growing season. Future studies could
also examine frost exposure towards the end of the grow-
ing season, which is not considered in this study. Combining
climate information with land-use and crop-distribution data
could further help identify where changes in frost exposure
are most relevant for agricultural risk.
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Appendix A: Overview of climate models

Table A1. Overview of the global climate models (GCMs) from CMIP5 and CMIP6 and the regional climate model (RCM) downscalings
that have been bias-adjusted for Norway by Wong et al. (2025). The numbers in the table refer to the GCM ensemble member which has
been downscaled by the corresponding RCMs.

GCM (CMIP5) RCM

CCLM4-8-17 HIRHAM5 REMO2015 REMO2009 RCA4 ALADIN63

CNRM-CM5 r1i1p1
EC-EARTH r12i1p1 r3i1p1 r12i1p1
HadGEM2-ES r1i1p1 r1i1p1
MPI-ESM-LR r1i1p1 r2i1p1
NorESM1-M r1i1p1 r1i1p1

RCM
GCM (CMIP6) CCLM6-0 HCLIM43 RACMO23E ICON2-6-5

CNRM-ESM2-1 r1i1p1f2 r1i1p1f2
EC-Earth3 r1i1p1f1
EC-Earth3-Veg r1i1p1f1 r1i1p1f1
MIROC6 r1i1p1f1
MPI-ESM1-2-HR r1i1p1f1 r1i1p1f1 r1i1p1f1
NorESM2-MM r1i1p1f1

Appendix B: Maps of start of the growing season for
future scenarios

Figure B1. Start of the thermal growing season, day of year (DOY) for future scenarios. Median of the period 2041–2070 (top (a, b, c)) and
2071–2100 (bottom (d, e, f)) for low (RCP2.6, left column), medium (RCP4.5 middle column) and high (SSP3-7.0, right column) emission
scenarios.
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Appendix C: Maps of the 10th and 90th percentiles of
changes in frost days in the beginning of the growing
season

Projected changes in frost days in the beginning of the grow-
ing season are shown for the 10th (Fig. C1) and 90th per-
centiles (Fig. C2) of the model ensemble, based on the me-
dian of each 30-year period.

Figure C1. 10th percentile of changes in frost days in the beginning of the growing season for the period 2041–2070 (top (a, b, c)) and
2071–2100 (bottom (d, e, f)) following a low (RCP2.6, left column), medium (RCP4.5 middle column) and high (SSP3-7.0, right column)
emission scenario. The values shown are the 10th percentile of the model ensemble changes in the median number of annual frost days from
the period 1991–2020.

Figure C2. As Fig. C1 but for the 90th percentile of the model ensemble changes.
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Appendix D: Tables of changes in frost days in the
beginning of the growing season and start of growing
season

Projected changes in frost days in the beginning of the grow-
ing season (Table D1) for three scenarios for the middle of
the century (2041–2070) and the end of the century (2071–
2100), relative to the period 1991–2020 for six locations (Ta-
ble 1) with the mean, 10th and 90th percentile of the models,
the median of the 30 year time periods. The start of the grow-
ing season is shown in Table D2 for historic (1991–2020) and
two future periods (2041–2070 and 2071–2100).

Table D1. Changes from 1991–2020 in frost days in the beginning of the growing season for selected station locations: model average, 10th
and 90th percentiles of the models, median of the 30 years for the middle of the century (2041–2070) and the end of the century (2071–2100).
Changes are given as the model average (p10–p90).

2041–2070 2071–2100

Station RCP2.6 RCP4.5 SSP3-7.0 RCP2.6 RCP4.5 SSP3-7.0

Sola 6 (−4–12) 6 (−7–12) 3 (−1–8) 5 (−4–11) 7 (−3–15) 4 (−6–7)
Tveitsund −1 (−4–1) −1 (−4–2) −2 (−5–1) 0 (−3–3) 0 (−3–3) −1 (−3–1)
Sauda 1 (−2–4) 0 (−2–2) 2 (−1–6) 0 (−1–2) 3 (0–6) 8 (2–13)
Oslo −1 (−3–0) −1 (−3–1) −1 (−4–0) 0 (−1–1) 0 (−2–2) 0 (−2–1)
Værnes 0 (−1–3) 0 (−2–1) 0 (−2–1) 1 (−1–3) 2 (−1–5) 4 (−2–10)
Bodø 0 (-1–1) 0 (0–1) 2 (0–6) 0 (-1–1) 3 (0–8) 8 (0–15)

Table D2. Start of the growing season, given as day of year (date), for station locations for 1991–2020 and three future scenarios, middle of
the century (2041–2070) and the end of the century (2071–2100).

2041–2070 2071–2100

Station 1991-2020 RCP2.6 RCP4.5 SSP3-7.0 RCP2.6 RCP4.5 SSP3-7.0

Sola 54 (23 Feb) 29 (29 Jan) 23 (23 Jan) 22 (22 Jan) 27 (27 Jan) 15 (15 Jan) 8 (8 Jan)
Tveitsund 115 (25 Apr) 111 (21 Apr) 108 (18 Apr) 108 (18 Apr) 110 (20 Apr) 104 (14 Apr) 91 (1 Apr)
Sauda 101 (11 Apr) 88 (29 Mar) 82 (23 Mar) 73 (14 Mar) 89 (30 Mar) 59 (28 Feb) 31 (31 Jan)
Oslo 110 (20 Apr) 104 (14 Apr) 101 (11 Apr) 100 (10 Apr) 103 (13 Apr) 96 (6 Apr) 84 (25 Mar)
Værnes 112 (22 Apr) 100 (10 Apr) 97 (7 Apr) 94 (4 Apr) 100 (10 Apr) 84 (25 Mar) 58 (27 Feb)
Bodø 124 (4 May) 110 (20 Apr) 102 (12 Apr) 88 (29 Mar) 109 (19 Apr) 86 (27 Mar) 48 (17 Feb)
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Data availability. All data can be provided by the correspond-
ing author upon request. Observations from meteorological
stations in Norway are available at http://seklima.met.no
or http://frost.met.no. The gridded seNorge2018 v20.05
datasets for the period 1957–2019 are available at
https://doi.org/10.5281/zenodo.3923706 (daily mean temperatures;
Lussana, 2020a) and https://doi.org/10.5281/zenodo.3923697
(daily minimum temperatures; Lussana, 2020b), and at
https://doi.org/10.5281/zenodo.17293482 (Dobler and Lus-
sana, 2025) for the year 2020. Projected future changes in
frost days in the beginning of the growing season are avail-
able as part of the dataset Projected changes in climate and
hydrological indices for Norway for 2041-2070 and 2071-2100
(https://doi.org/10.21343/f828-rv60, Dobler et al., 2025) on https:
//adc.met.no/dataset/c0b1e69a-1f5c-5b45-8a08-1349ad3110b5
(last access: 5 October 2026) (RCP2.6), https://adc.met.no/
dataset/49fb868b-22c0-5e39-a66b-254cbdceba7c (last access:
5 October 2026) (RCP4.5) and https://adc.met.no/dataset/
e7b3c846-78ed-5c23-97e8-6bad1727f4dc (last access: 5 Octo-
ber 2026) (SSP3-7.0).
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