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The drivers behind the current decadal trend toward longer and more extreme
European summers are widely discussed. This is attributed to changes in the
mid-latitude summer atmospheric circulation in response to Arctic Amplifi-
cation and weakening of the latitudinal temperature gradients (LTGs), as well
as to reduced aerosol emissions over Europe since the 1980s. However, causal
links remain uncertain, limiting confidence in future projections. To gain sta-
tistical insights, evidence over periods longer than the instrumental record is
necessary. Using seasonally resolved lake sediments, we reconstruct the evo-
lution of the European summer-to-annual ratio over the last ten millennia. Our
results indicate that summer weather dominated during the mid-Holocene,
with an average of 195 summer days per year—falling within the extreme upper
tail of summer distributions in the early- and late-Holocene. The Holocene
variability in summer days aligns closely with simulated past changes in the
LTG, supporting the hypothesis that dynamical processes influence mid-
latitude seasonal weather on decadal to millennial timescales. A 1°C decrease
in LTG would extend the summer season by ~6 days, potentially adding up to
42 summer days by 2100 under a business-as-usual scenario. These findings
provide key observational constraints for understanding and projecting sea-
sonal impacts on ecosystems and society.

The annual cycle of atmospheric circulation and associated weather
regimes establishes the climate seasonal clock by determining the
characteristic timing and recurrence of seasonal conditions. In the
North Atlantic (NA)-European region, atmospheric circulation is pre-
vailed by westerlies that transport heat and moisture from the ocean to
the continent, thereby reducing the ocean-land surface temperature
gradient and exerting a strong influence on the mean European

climate. Additionally, a persistent high-pressure system over northern
Europe, the so-called Scandinavian Blocking (SB), can divert the jet
stream, creating a meandering, meridional flow and leading to pro-
longed climate extremes*’ (Fig. 1). According to the relationship
between daily sea level pressure and continental temperature, the
European climate seasonal clock is divided into two main seasons:
summer and winter’. The onset of each season is determined by the
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Fig. 1| Schematic illustration of the influence of the Latitudinal Temperature
Gradient on the main atmospheric dynamics over Europe and associated cli-
mate extreme in summer and winter. Top panel, summer-type atmospheric
circulation under strong (A) and weak (B) latitudinal temperature gradient. Bottom
panel, winter-type atmospheric under strong (C) and weak (D) latitudinal tem-
perature gradient. Black arrow is the polar jet, solid line indicates a strong flow
while dashed line indicates a weak and meandering flow. H indicates the high-
pressure centre over Scandinavia and represents the Scandinavian Blocking (SB).
Red (blue) arrows show warm (cold) air mass flows into western Europe. White

areas represent Northern Hemisphere seasonal snow cover. Regions experiencing
temperature extremes* are highlighted using shaded circles and dashed lines in
panels (B) and (D). Yellow stars represent the location of the proxy records,
Nautajarvi (Finland) and Diss Mere (England). The North Atlantic region base maps
were created using ArcGIS© Pro v2.6 software by Esri. ArcGIS® and ArcMap™ are
the intellectual property of Esri and are used herein under license. Copyright ©
Esri. All rights reserved. For more information about Esri® software, please visit
www.esri.com.

shift in the sign of the regression coefficients between these two
parameters®. The summer is the season when the continent is warmer
than the ocean, and westerlies act as a source of cooling for Europe.
However, the SB circulation may occasionally divert westerly winds
and promote the advection of warm air masses over central and
northern Europe, triggering summer heat and rainfall extremes’
(Fig. 1a, b). The winter is the period when the continent is cooler than
the ocean, so westerlies moderate European temperature, whereas a
strengthening of blocking circulation can lead to cold spells (Fig. 1c, d).
The likelihood of extreme events depends on the intensity of the SB,
i.e. risk of blocking. This is associated with the strength of the zonal
winds** leading to a situation where weaker and meandering mean
westerlies might promote atmospheric blocking (Fig. 1).

In the last decades, European summers have been lengthening®*°
with more recurrent and persistent weather extremes>° likely in
response to the human-induced Arctic Amplification (AA), i.e. the
faster warming of the Arctic compared to the global average'. It is
widely recognised that longer summers>*® versus shorter winters’ is
largely a consequence of the earlier snowmelt across northern Eurasia
driven by increasing greenhouse gas radiative forcing. This shift
modifies the seasonal cycle of zonal advection and its interaction with
the SB, leading to an earlier onset of summer-like weather patterns® In
contrast, the drivers behind the increasing frequency and persistence
of weather extremes are a subject of ongoing debate'>. A weakening of
the equator-to-pole LTG has been suggested as a possible driver
explaining the influence of the AA on mid-latitude weather patterns
associated with extreme events>>. This is thought to occur via a
strengthening of the SB in response to a sequence of dynamical pro-
cesses initiated by a weaker LTG, including a reduction in jet stream
intensity and a slowdown of Rossby wave phase speed’'* ' (Fig. 1b, d).
Another hypothesis highlights the role of anthropogenic aerosols

reduction over Europe from the 1980s” as a consequence of the
relocation of a large number of manufactures from North America and
Europe towards Asia. This has been suspected to have played a role on
the localisation of the Eurasian westerly jet over Europe and the
intensification of summer weather extremes'”®, Yet, the precise con-
tribution of the LTG to the ongoing reorganisation of atmospheric
circulation linked to these extremes remains unresolved. Despite
recent observations of both longer summers and more persistent
extreme events, the two phenomena have been studied separately in
the literature. The statistical robustness of the potential drivers is still
weak and they are not accurately simulated by models”?, mainly
because the short instrumental period”>* and the potential influence
of multidecadal internal variability on the observed relationships®. In
particular, large uncertainty exists about the dynamical aspects
induced by a change in the LTG"". To contribute to this debate, this
study seeks to offer a longer-term view of the natural link between the
AA, the LTG and changing seasons, and evaluate the statistical
robustness of this relationship.

The Holocene, the current interglacial period (last 11,700 years), is
suitable to investigate whether dynamical processes induced by a
weakening of the LTG may explain past changes in the European sea-
sonal weather, hence part of the present and future variability”. This is
because there were high-latitude warming and weaker LTGs between
ca. 8—4 cal kyr BP*, as well as weak westerly circulation in summer and
strengthening of the SB*?. In this context, defining the summer sea-
son carefully is essential. Most of the studies investigating the current
trend toward longer summers define the seasons according to the
temperature seasonality e.g. refs. 5, 27, so do published palaeoproxies
reporting seasonal variability in the past e.g. refs. 28-30. However,
temperature seasonality would reflect the influence of direct seasonal
radiative forcing rather than the persistence of characteristic
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atmospheric patterns that define the seasons? In this study, we adopt
the definition of European climate seasons from Cassou and Cattiaux
(2016)' which is based on the variable influence of mid-latitude
atmospheric circulation—including the role of the SB—on European
climate. This definition might provide a more comprehensive evalua-
tion of the evolution of summer weather during the Holocene than
using seasonality based on temperature only. In addition, it provides
the possibility to evaluate the influence of large-scale temperature
gradients on longer timescales than the instrumental record, if the
likelihood of extreme summer events (e.g., heat waves) may increase
during longer periods of that season.

In this study, we reconstruct Holocene seasonal variability by
disentangling the cumulative seasonal signals preserved in annually
resolved palaeoclimate records (i.e., season-to-annual ratio). We use
the couplet of seasonal laminations (varves) as a proxy for the relative
contributions of summer and winter weather to each year during the
last ten millennia. Following the proxy calibration with the duration of
winter and summer’ during the last century, we compare these
reconstructions with a transient climate simulation of the LTG in the
NA-European region to establish the link between the climatic driver
and the seasonal response.

Results and discussion

Evolution of European summer days during the Holocene
Varved sediments provide annually laminated records in which each
varve is made of seasonal laminae, hence potential proxies for recon-
structing the ratio of one season to another in every single year. The
total varve thickness is the primary proxy to report the annual rate of
deposition and sedimentation in response to changing external (cli-
mate) forcing®>*. Unfortunately, variability in the thickness of seaso-
nal laminae is not often investigated or reported by authors, and this
information is not easily available. On the other hand, the seasonal
interpretation of the laminations must be investigated carefully as the
laminae forming a varve do not always represent sedimentation during
the entire season but short-lived events that often happen in a few days
or weeks. This happens in some of the well-known European varved
records, such as the monospecific diatoms bloom that forms one of
the two laminae of the varves preserved in Lake Meerfelder Maar®, or
the multiple event-layering pattern within the varves of Lake
Montcortés®® and Lake Zabinskie®. According to the available litera-
ture on data repositories® (https://varve.gfz-potsdam.de/database;
https://pastglobalchanges.org/science/end-aff/varves-wg/data;
https://www.pangaea.de/; https://www.ncei.noaa.gov/access/paleo-
search/), the two unique European varved sediment records with 1) a
continuous summer-winter type seasonality comparable to the Eur-
opean climate season pattern (Supplementary Information), and 2)
available laminae thickness data during the Holocene, are Nautajarvi
(Finland) and Diss Mere (England) (Fig. 1). Nautajérvi is varved from
9.85 thousands of years before 1950 CE (hereafter cal kyr BP) to
present®. Diss Mere preserved varves from 10.3 to 2.1 cal kyr BP*.
Intensification of human impact in the last two thousand years pre-
vented from varve preservation in this lake*’, although the two-season
lake cycle and seasonal deposition remained unchanged*. Further
details on the varve formation, environmental interpretation and
chronologies of these records are provided in the Supplementary
Information. The palaeolimnological study of these records is also
supported by lake monitoring surveys that allowed a detailed study of
their seasonal sedimentation cycles and the validation of the summer
and winter nature of the varve structure***2, Since varves are still pre-
served in Nautajarvi, we compared the season-to-annual ratio—defined
as the percentage of the seasonal lamina thickness relative to the total
annual varve—with the number of European summer and winter days
from Cassou & Cattiaux (2016)* (Fig. 2a, Supplementary Figs. 2, 3 and
Supplementary Information). The comparison and correlation were
conducted at annual resolution for the longest possible overlapped

period between reanalysis and varve thickness data, from 1900 to 1940
CE (Supplementary Information, Supplementary Figs. 1-3). The cali-
bration is based on a simple linear regression model estimating the
relationship between the number of summer days over the instrument
period and the percentage of the summer lamina contributing to the
varve thickness (“Methods”, Fig. 2a, b, Supplementary Information).
The correlation is significant for the length of both the summer
(r=0.76, p-value <0.001) and the winter season (r=0.78, p-value <
0.001) (Fig. 2a, Supplementary Fig. 2 and Supplementary Information).
These high correlations suggest that the season-to-annual ratio in the
varve data captures the variability of the European climate seasons and
can be used as a proxy for its Holocene reconstruction.

Figure 2c shows the evolution of the season-to-annual ratios from
the two varved records during the Holocene. In Nautajérvi, the sum-
mer contribution is compared to an available pollen-based recon-
struction of the growing degree-days (GDD: annual sum of the number
of degrees the daily average temperature is above 5 °C each day) from
the same sediments* (Fig. 2c, orange and grey line). Although GDD
represents cumulative thermal energy rather than the direct length of
summer, it provides an independent temperature-based estimate of
the evolution of the Holocene summer season for comparison with our
reconstruction. Both proxies indicate a gradual shift toward longer and
likely more intense summers from the early to mid-Holocene, followed
by a trend toward shorter and cooler summers in the late Holocene.
The Diss Mere reconstructions show similar results. The Holocene
summer-to-annual ratio in the two lakes are well correlated (r=0.79,
p-value < 0.001; Fig. 2c, Supplementary Fig. 3a-c), which we interpret
as both lakes recording a regional signal for northern-central, western
Europe. We reconstructed past European summer weather days per
year (Figs. 2d, 3a) by applying the calibration-based regression (Fig. 2a)
to the mean summer-to-annual ratio from the two varved archives
(Supplementary Fig. 3). The range of variability of summer days a year
during the Holocene goes from 164 to 202 (Fig. 2d, Supplementary
Fig. 3e). The histograms displayed in Fig. 2d show the frequency and
distribution of the summer days during the early-, mid- and late-
Holocene. Mid-Holocene’s distribution is bell-shaped and centred
around 195 days, with most years between 192 and 199 of summer
days. In contrast, early- and late-Holocene distributions are wider and
skewed to the right (early-Holocene) and to the left (late-Holocene),
but both with a peak around 189 summer days. Although there is some
overlap with the mid-Holocene distribution, averaged summers in this
period can be considered extreme in the early- and mid-Holocene and
happened less than 100 times (Fig. 2d).

Long-term validation of the role of the LTG on European
summers

The LTG has an important impact on the Earth’s climate system by
influencing the intensity and position of mid-latitude storms, the tro-
pical Hadley Cell, sub-tropical high and sub-polar low pressure
centres”. Therefore, the LTG represents a fundamental driver for
assessing the responses of atmospheric circulation to climate
change®.

To examine the link between the LTG and European summers
without the influence of anthropogenic forcing, we analysed the
Holocene evolution of the simulated equator-to-pole LTG in the NA
realm and compared it with the reconstructed European summer days
(Fig. 3a, Supplementary Fig. 3d, e). To estimate the NA-grided LTG at
the highest temporal resolution possible, we extracted it from the
TraCE-21ka simulation (“Methods”). TraCE-21ka provides a 10-yr reso-
lution and mainly represents the response to a wide range of external
forcing during the last 21kyr BP. The simulated LTG displayed a
U-shaped trend through the last 10 kyr that agrees with an empirical
proxy-based LTG reconstruction for Europe* (Fig. 3a, Supplementary
Fig. 4). The simulated LTG was strong during the early Holocene but
abruptly decreased by 2.2 °C in less than 100 years at ca. 8 cal kyr BP. It
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Fig. 2 | Holocene climate seasonal variability. Top: Proxy calibration using rea-
nalysis summer weather days from Cassou and Cattiaux (2016)*. Reanalysis data
was provided by the original authors’. A Scatter plot of the relationship between
the Nautajarvi varve summer-to annual ratio expressed in percentage (proxy) and
NOAA20-CR reanalysis summer weather days. Red line is the linear regression line
of best fit for the period 1900-1940CE; B Comparison of the calibrated summer
days values and the reanalysis data. Bottom: Holocene reconstruction: C Holocene
evolution of the summer (orange)- and winter (blue)-to-annual ratio from the varve

164 168 172 176 180 184 188 192 194 198 204
Summer days/year

thickness records of Nautajarvi (top) and Diss Mere (bottom). Pollen-based Grow-
ing Degree-Days from the Nautajéarvi record is shown in grey (bottom left panel).
Data are shown as a 500-yr moving average for better visualisation of the long-term
trends during the Holocene. D Histograms showing the distribution of the number
of summer days over a 365-day calendar year reconstructed from the varved data
(average of the two records) for the early-, mid- and late-Holocene intervals. Source
data are provided as a Supplementary Dataset 1.

stayed weak until ca. 3 cal kyr BP, when the LTG increased to 1.3°C
within a 500-year interval. The simulated LTG over the NA-European
sector differs from the gradual long-term increase in the LTG pre-
viously reconstructed for the whole NH based on zonal averages",
which was mainly driven by the Ilatitudinal insolation gradient

(Supplementary Fig. 4). However, the authors** note that the Lauren-
tide Ice Sheet could likely affect temperature and circulation in the NA
region with an impact on the regional LTG, which was previously
argued by Davis and Brewer (2009)**. To gain understanding on the
drivers of the regional LTG in the TraCE-21ka simulation, we used the
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Fig. 3 | Evolution of the Holocene summer days and the Equator-to-pole Lati-
tudinal Temperature Gradient for the North Atlantic-European region.

A Reconstructed European summer days (500-yr moving average values in dark
orange, light orange shaded area indicates the uncertainty of the reconstruction at
10-yr resolution using the standard error of the regression model) and the simu-
lated LTG anomalies in the NA region (blue, 500-yr moving average values). The
variance of the two timeseries have been scaled for comparison based on their
mean and standard deviation with a scaling factor of 9 days for 1°C. B LTG
calculated for the individual attribution experiments in TraCE-21ka simulations at a
500-yr running average. ORB stands for Orbital forcing, MWF for melt water flux,
ICE for ice sheet height and GHG for greenhouse gasses. Source data are provided
as a Supplementary Dataset 2.

available attribution experiments with individual external forcing
(greenhouse gasses, insolation, ice sheet changes and melt water flux;
Fig. 3b). We then compared the combined (i.e. sum of individual for-
cing experiments) and the full simulations including all forcings to
assess their temporal evolution and test for linearities in the LTG
responses (Fig. 3b). The close match between the full-forcing simula-
tion and the combined sum indicates that the simulated LTG response
to individual forcings is largely linear. However, some differences exist
in the amplitude and variability, which may be explained by the effect
of either non-linearities or internal variability. Nevertheless, for the
long-term trend, we were able to attribute the variations seen in the
simulations to the specific forcing from each attribution simulation.
According to these experiments, the variability of the regional LTG
responded mostly to the cryosphere through the changing continental
ice distribution and melt water flux to the ocean until ca. 5 cal kyr BP.
From then to the present, orbital forcing, including the latitudinal
insolation gradient, mainly drove the variability (Fig. 3b).

The comparison of the Holocene evolution of the simulated LTG
and proxy-based reconstruction of summer days shows that both

timeseries are significantly correlated (r= 0.6, p<0.001) and vary at a
consistent ratio to each other over time (Supplementary Fig. 3d, e).
The scaling factor (5.6 days: 1°C) has been calculated as the ratio of the
standard deviation of the two timeseries (Supplementary Fig. 3e). We
conducted a similar analysis using TraCE-21ka-simulated summer
mean temperature for the European grid between 50-70°N. While the
correlation is lower, it remains significant (r=0.45, p<0.001), indi-
cating that longer summers generally coincide with higher mean
summer temperatures. Yet, the stronger link to the LTG implies that
more than surface temperature alone governs the annual distribution
of summer days. Approximately 36% of the variability in reconstructed
European summer days is explained by the LTG, compared with only
20% explained by simulated summer temperature. This supports the
notion that the LTG may exert a more dynamic influence on mid-
latitude seasons through its impact on atmospheric circulation. In
particular, the relationship between the equator-to-pole LTG and
summer weather may be mediated by the occurrence of more frequent
and persistent extreme events, which increase the number of hot days
and, consequently, raise the mean summer temperature. Additionally,
the good agreement between proxy data and model simulations dur-
ing the Holocene, which is relatively unusual®, adds evidence to sup-
port the long-term influence of the LTG on changing European seasons
from decadal to millennial timescales.

Holocene context for future summers

Our study shows that the LTG varied by up to 5°C over the past ten
thousand years, accompanied by shifts of up to a month in the number
of summer days during the Holocene (Figs. 2d, 3). During the instru-
mental period, we plotted the simulated LTG alongside 10-yr averaged
values of LTG calculated from reanalysis and instrumental data during
the hindcast period (1960-1990 CE). Although the TraCE-21ka model
provides three data points for this interval, they align well with
instrumental observations (Fig. 4), supporting the comparison of
Holocene results with recent observations and future projections.

Reanalysis and instrumental data show that the interannual
variability of the LTG have varied within the Holocene values with
changes in the number of summer days of up to 20 days (Fig. 4).
However, the correlation decreases but is still statistically significant
(r=0.26; p-value =0.002). This might be related to the interplay of
other anthropogenic factors, such as changes in aerosols*’, or to the
fact that this link remains low at the interannual time scale, blurred by
the noise of a number of other short-term processes. Since the 1980s,
the LTG has shown a gradual weakening alongside a trend toward
lengthy summer (Fig. 4), consistent with previous studies*’, and
accompanied in recent decades by increases in the intensity and fre-
quency of summer extremes®*’ as well as phenological shifts in plants
and animals*®*’,

Taking an ensemble of CMIP6 projections for the North Atlantic
LTG until 2100 CE, we find that the values would continue to decrease
over the next 75 years up to —4.6 °C in the lowest emission scenario
(SSP1-2.6), and up to -11.6 °C in the highest emission scenario (SSP5-
8.5) (Fig. 4). Considering the mean for each emission scenario, the LTG
would have surpassed the minimum values reached in the Holocene
(-2.3°C) by 2050 in all emission scenarios (Fig. 4). Investigating what
the changes are likely to be in the seasonal cycle once the LTG passes
beyond Holocene thresholds is out of scope of this study as both
anthrophonic factors and positive and negative feedback loops might
influence summer weather in the future. However, as a simplistic
approach assuming the linear influence of the LTG observed in the
Holocene only, past observations suggest an addition of 13 days to the
mean of industrial European summers under SSP1-2.6 and up to 42
more days under SSP5-8.5 by 2100 CE (Fig. 4). This estimation exceeds
the length of the summer season under the business-as-usual scenario
reported by Cassou and Cattiaux (2016)* by 22 days. Direct comparison
with CMIP5 and CMIP6 projections is difficult, as seasonal durations
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Fig. 4 | Latitudinal Temperature Gradient-driven European summer days: past,
present and future. From left to right: Palaeo panel shows 50-yr moving average
proxy-based summer days during the Holocene period (yellow) compared to 50-yr
moving average TraCE-21ka model output for the LTG anomalies (dark blue). Light
orange shaded area indicates the standard error range of the reconstruction at 10-
yr resolution. Dashed grey lines indicate the range of variability of the Holocene;
Instrumental panel shows 10-yr (original resolution) simulated LTG with TraCE-21ka
(dark blue), 10-yr moving average Instrumental LTG ensemble anomaly with one
standard deviation (purple line and shading) and 10-yr running average and stan-
dard deviation of the CMIP6 historical ensemble (grey line and shading) and
summer days calculated from NAOAA-20CR and NCEP reanalysis (purple and pink)

and summer days calculated from the Nautajérvi varve data; Projections panel
shows an ensemble of CMIP6 models projecting the evolution of the LTG for the
SSP1-2.6 (blue), SSP2-4.5 (orange) and SSP5-8.5 (red) scenarios at 10-year resolution
with shading representing one standard deviation between 2015 and 2100. SSPs are
shown using the IPCC colour palette. Dashed blue, orange and red horizontal lines
indicate the corresponding number of summer days for the three emission sce-
narios based on this study. Two black dashes on the x-axis indicate the change from
years before present (before 1950 CE) to years in the Common Era and the change
in temporal resolution. Anomalies were calculated with reference to the 1950-1990
CE mean.

vary across studies depending on how seasons are defined—for
instance, whether based solely on temperature—and on how many
seasons are distinguished—whether spring and autumn are
considered’.

To conclude, our observation-based estimate of the link between
summer days and LTG during the Holocene provides a long-term
observational constraint that is likely less influenced by internal
variability than the short instrumental period’. A simple linear
regression model indicates a larger future increase in summer days
and associated extremes than projected by climate models. This aligns
with recent findings that climate models may underestimate dynami-
cal changes driven by global warming'*°.

Methods

Proxy records

Varve thickness measurements from Nautajarvi and Diss Mere are
available at https://doi.org/10.1594/PANGAEA.968802 and https://doi.
0rg/10.1594/PANGAEA.94441. Details of the methods applied are
explained in the Supplementary Information. Varve data were
detrended to remove the effects of non-stationarity in the proxy
records, such as sediment compaction and other long-term non-
climate-related catchment processes. We linearly detrend each time-
series using the pracma R package. The season-to-annual ratios were
calculated as the percentage of the summer and winter lamina thick-
ness contributing to the total varve thickness. The proxy record has an
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annual temporal resolution. The summer (winter)-to-annual ratio of
the Nautajirvi varved record was calibrated using values of summer
(winter) days calculated from NOAA20-CR reanalysis' during the per-
iod 1900-1940CE by applying a linear regression model.

Palaeo-simulations

The TraCE-21ka transient climate simulation uses the fully coupled
CCSM3 general circulation model with a horizontal grid resolution of
3.25%", The full simulation is forced by different transient boundary
conditions, including orbital parameters (ORB), greenhouse gases
(GHG), ice sheet height (ICE) and finally freshwater flow forcings
(MWF). Simulations were also completed for each of the forcings
independently. We use anomalies for each of the model outputs, tak-
ing a reference period between 1950-1990 CE to overlap with the
historical data available. The latitudinal temperature gradient was
calculated using a longitudinal grid of 30°W-30°E and a create two
latitudinal bands from 0-10°N for the low latitudes and 80-90°N for
the high and subtract the low latitude from the high to get the gradient.
We then convert the LTG to anomalies between 1950-1990 CE. To
identify the potential drivers of variability in the LTG, we use the
attribution experiments from the TraCE-21ka simulation for the same
grid boxes mentioned above. These simulations apply only single
attribution forcings (GHG, ICE, ORB, MWF) and can be compared to
the full simulations where all the forcings are applied. We assess the
linear response of the forcings to the LTG by comparing the sum of all
the individual attribution experiments and the full simulation.

Solar insolation data used to compute the latitudinal insolation
gradient is the LAO4 data®* downloaded for the past 11,000 years using
the R palinsol package. An annual mean was taken at 0°N and 90°N,
and the gradient was calculated by subtracting the high latitude mean
from the low.

Data-model Comparison

Correlation coefficients and p-values between the proxy data and
TraCE-21ka outputs were created using the corrplot R package. All the
correlations shown in the main text are done at 10-year resolution, using
original temporal resolution for TraCE-21ka simulations and resampling
every 10 years for the varve proxy data. For scaling the simulated LTG
and reconstructed European summer days, the timeseries were nor-
malised using their mean and standard deviation. The scaling factor was
calculated by dividing the standard deviations of the original timeseries.

Historical data: combination of monthly instrumental and reana-
lysis data. We use four sources of gridded temperature data from
HadCRUTS5, NASA GISTemp, NOAA GlobalTemp, the Berkeley Earth
interpolated data and the ERAS reanalysis data, which combines both
instrumental data and models to fill in the missing spatial and temporal
gaps (Supplementary Table 1). Data had been extracted and the LTG
has been calculated using the same approach as the palaeosimulation
and converted to anomalies from the 1950 to 1990 mean.

Historical simulations: we also use an ensemble of 23 historical
CMIP6 experiments between 1850 and 2014 for the LTG grid (Sup-
plementary Table 2). Anomalies were calculated using the CMIP6 his-
torical simulation between 1950-1990 CE, and an ensemble mean and
standard deviation were calculated at an annual resolution.

Future projections: to investigate the role of future scenarios on
the LTG, we use 23 CMIP6 models (Supplementary Table 3) for the
Shared Socioeconomic Pathway simulations for 1-2.6, 2-4.5 and 5-8.5
(SSP1-2.6, SSP2-4.5, SSP5-8.5), corresponding to different levels of
socio-economic adaptations to anthropogenic climate change®.
Anomalies were calculated using the historical simulation between
1950-1990 CE for the corresponding model.

Data availability
The Diss Mere and Nautajirvi varve thickness data that support the
findings of this study have been deposited in the PANGAEA database

and are openly available (https://doi.org/10.1594/PANGAEA.944411;
https://doi.org/10.1594/PANGAEA.968802). TraCE-21ka simulations
are available at: https://www.earthsystemgrid.org/project/trace.
html). The gridded and reanalysis data for the historical period can
be found here for: Berkeley Earth (https://berkeleyearth.org/data),
ERAS5 (https://www.ecmwf.int/en/forecasts/dataset/ecmwf-
reanalysis-v5), GISStemp (https://data.giss.nasa.gov/gistemp/), Had-
ley (https://hadleyserver.metoffice.gov.uk), and NOAAGlobalTemp
(https://www.ncei.noaa.gov/products/land-based-station/noaa-
global-temp). All the CMIP6 datasets used for this study are available
at the Earth System Grid Federation (ESGF) portal: https://esgf-data.
dkrz.de/search/cmip6-dkrz. Source data for Figs. 2, 3 are provided as
Supplementary Dataset.

References

1. Cohen, J. et al. Recent Arctic amplification and extreme mid-
latitude weather. Nat. Geosci. 7, 627-637 (2014).

2. Cassou, C. & Cattiaux, J. Disruption of the European climate sea-
sonal clock in a warming world. Nat. Clim. Change 6, 589-594
(2016).

3. Pfleiderer, P., Schleussner, C.-F., Kornhuber, K. & Coumou, D.
Summer weather becomes more persistent in a 2 °C world. Nat.
Clim. Chang. 9, 666-671 (2019).

4. Kautz, L.-A. et al. Atmospheric blocking and weather extremes over
the Euro-Atlantic sector - a review. Weather Clim. Dyn. 3, 305-336
(2022).

5.  Wang, J. et al. Changing lengths of the four seasons by global
warming. Geophys. Res. Lett. 48, e2020GL091753 (2021).

6. Pena-Ortiz, C., Barriopedro, D. & Garcia-Herrera, R. Multidecadal
variability of the summer length in Europe. J. Clim. 28, 5375-5388
(2015).

7. Coumou, D., Lehmann, J. & Beckmann, J. The weakening summer
circulation in the Northern Hemisphere mid-latitudes. Science 348,
324-327 (2015).

8. Coumou, D. & Rahmstorf, S. A decade of weather extremes. Nat.
Clim. Change 2, 491-496 (2012).

9. Tang, Q., Zhang, X. & Francis, J. A. Extreme summer weather in
northern mid-latitudes linked to a vanishing cryosphere. Nat. Clim.
Change 4, 45-50 (2014).

10. Zhang, R., Sun, C., Zhu, J., Zhang, R. & Li, W. Increased European
heat waves in recent decades in response to shrinking Arctic sea ice
and Eurasian snow cover. npj Clim. Atmos. Sci. 3, 1-9 (2020).

1. Screen, J. A. & Simmonds, I. Increasing fall-winter energy loss from the
Arctic Ocean and its role in Arctic temperature amplification. Geo-
physical Research Letters https://doi.org/10.1029/2010GL044136
(2010).

12. Barriopedro, D., Garcia-Herrera, R., Ordénez, C., Miralles, D. G. &
Salcedo-Sanz, S. Heat waves: physical understanding and scientific
challenges. Rev. Geophys. 61, e2022RG000780 (2023).

13. Coumou, D., Di Capua, G., Vavrus, S., Wang, L. & Wang, S. The
influence of Arctic amplification on mid-latitude summer circula-
tion. Nat. Commun. 9, 2959 (2018).

14. Cohen, J. et al. Divergent consensuses on Arctic amplification
influence on midlatitude severe winter weather. Nat. Clim. Chang.
10, 20-29 (2020).

15. Rousi, E., Kornhuber, K., Beobide-Arsuaga, G., Luo, F. & Coumou, D.
Accelerated western European heatwave trends linked to more-
persistent double jets over Eurasia. Nat. Commun. 13, 3851
(2022).

16. Karamperidou, C., Cioffi, F. & Lall, U. Surface temperature gradients
as diagnostic indicators of midlatitude circulation dynamics. J.
Clim. 25, 4154-4171 (2012).

17. Dong, B., Sutton, R. T., Shaffrey, L. & Harvey, B. Recent decadal
weakening of the summer Eurasian westerly jet attributable to
anthropogenic aerosol emissions. Nat. Commun. 13, 1148 (2022).

Nature Communications | (2025)16:9969


https://doi.org/10.1594/PANGAEA.944411
https://doi.org/10.1594/PANGAEA.968802
https://www.earthsystemgrid.org/project/trace.html
https://www.earthsystemgrid.org/project/trace.html
https://berkeleyearth.org/data
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://data.giss.nasa.gov/gistemp/
https://hadleyserver.metoffice.gov.uk
https://www.ncei.noaa.gov/products/land-based-station/noaa-global-temp
https://www.ncei.noaa.gov/products/land-based-station/noaa-global-temp
https://esgf-data.dkrz.de/search/cmip6-dkrz
https://esgf-data.dkrz.de/search/cmip6-dkrz
https://doi.org/10.1029/2010GL044136
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65804-x

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Schumacher, D. L. et al. Exacerbated summer European warming
not captured by climate models neglecting long-term aerosol
changes. Commun. Earth Environ. 5, 1-14 (2024).

Vautard, R. et al. Heat extremes in Western Europe are increasing
faster than simulated due to atmospheric circulation trends. Nat.
Commun. 14, 6803 (2023).

Shaw, T. A. Mechanisms of future predicted changes in the zonal
mean mid-latitude circulation. Curr. Clim. Change Rep. 5,
345-357 (2019).

Shepherd, T. G. Atmospheric circulation as a source of uncertainty
in climate change projections. Nat. Geosci. 7, 703-708 (2014).
Blackport, R. & Screen, J. A. Weakened evidence for mid-latitude
impacts of Arctic warming. Nat. Clim. Chang. 10, 1065-1066
(2020).

Blackport, R. & Screen, J. A. Insignificant effect of Arctic amplifi-
cation on the amplitude of midlatitude atmospheric waves. Sci.
Adv. 6, eaay2880 (2020).

Davis, B. A. S. & Brewer, S. Orbital forcing and role of the latitudinal
insolation/temperature gradient. Clim. Dyn. 32, 143-165 (2009).
Mauri, A., Davis, B.aS., Collins, P. M. & Kaplan, J. O. The influence of
atmospheric circulation on the mid-Holocene climate of Europe: a
data-model comparison. Climate 10, 1925-1938 (2014).

Lapointe, F., Karmalkar, A. V., Bradley, R. S., Retelle, M. J. & Wang, F.
Climate extremes in Svalbard over the last two millennia are linked
to atmospheric blocking. Nat. Commun. 15, 4432 (2024).

Jain, S., Lall, U. & Mann, M. E. Seasonality and interannual variations
of Northern hemisphere temperature: equator-to-pole gradient and
ocean-land contrast. https://journals.ametsoc.org/view/journals/
clim/12/4/1520-0442_1999 012_1086_saivon_2.0.co_2.xml (1999).
Essell, H., Esper, J., Wanner, H. & Blntgen, U. Rethinking the
Holocene temperature conundrum. Clim. Res. 92, 61-64 (2024).
Hernandez, A. et al. Modes of climate variability: synthesis and
review of proxy-based reconstructions through the Holocene.
Earth-Sci. Rev. 209, 103286 (2020).

Dong, Y. et al. The Holocene temperature conundrum answered by
mollusk records from East Asia. Nat. Commun. 13, 5153 (2022).
Zolitschka, B., Francus, P., Ojala, A. E. K. & Schimmelmann, A.
Varves in lake sediments - a review. Quat. Sci. Rev. 117, 1-41 (2015).
Martin-Puertas, C. et al. Dampened predictable decadal North
Atlantic climate fluctuations due to ice melting. Nat. Geosci. 16,
357-362 (2023).

Lapointe, F. & Bradley, R. S. Little Ice Age abruptly triggered by
intrusion of Atlantic waters into the Nordic Seas. https://doi.org/10.
1126/sciadv.abi8230 (2021).

Lapointe, F. et al. Annually resolved Atlantic sea surface tempera-
ture variability over the past 2900 y. Proc. Natl Acad. Sci. USA 117,
27171-27178 (2020).

Martin-Puertas, C., Brauer, A., Dulski, P. & Brademann, B. Testing
climate-proxy stationarity throughout the Holocene: an example
from the varved sediments of Lake Meerfelder Maar (Germany).
Quat. Sci. Rev. 58, 56-65 (2012).

Corella, J. P. et al. The 1.5-ka varved record of Lake Montcortes
(southern Pyrenees, NE Spain). Quat. Res. 78, 323-332 (2012).
Zarczynski, M., Szmanda, J. & Tylmann, W. Grain-size distribution
and structural characteristics of varved sediments from lake
Zabinskie (Northeastern Poland). Quaternary 2, 8 (2019).

Ramisch, A. et al. VARDA (VArved Sediments DAtabase) &#8211;
Providing and Connecting proxy Data from Annually Laminated Lake
Sediments. https://www.earth-syst-sci-data-discuss.net/essd-
2020-55/, https://doi.org/10.5194/essd-2020-55 (2020).

Ojala, A. E. K. & Alenius, T. 10000 years of interannual sedimentation
recorded in the Lake Nautajérvi (Finland) clastic-organic varves.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 219, 285-302 (2005).
Martin-Puertas, C. et al. The first Holocene varve chronology for the
UK: Based on the integration of varve counting, radiocarbon dating

and tephrostratigraphy from Diss Mere (UK). Quat. Geochronol. 61,
101134 (2021).

41. Boyall, L., Valcarcel, J. I., Harding, P., Hernandez, A. & Martin-
Puertas, C. Disentangling the environmental signals recorded in
Holocene calcite varves based on modern lake observations and
annual sedimentary processes in Diss Mere, England. J. Paleolimnol.
70, 39-56 (2023).

42. Qjala, A.E. K., Kosonen, E., Weckstrom, J., Korkonen, S. & Korhola, A.
Seasonal formation of clastic-biogenic varves: the potential for
palaeoenvironmental interpretations. GFF 135, 237-247 (2013).

43. Qjala, A.E. K., Alenius, T., Seppé, H. & Giesecke, T. Integrated varve
and pollen-based temperature reconstruction from Finland: evi-
dence for Holocene seasonal temperature patterns at high lati-
tudes. Holocene 18, 529-538 (2008).

44. Routson, C. C. et al. Mid-latitude net precipitation decreased with
Arctic warming during the Holocene. Nature 568, 83-87 (2019).

45. Liu, Z. et al. The Holocene temperature conundrum. Proc. Natl Acad.
Sci. 1M1, E3501-E3505 (2014).

46. Philipona, R., Behrens, K. & Ruckstuhl, C. How declining aerosols
and rising greenhouse gases forced rapid warming in Europe since
the 1980s. Geophysical Research Letters https://doi.org/10.1029/
2008GL036350 (2009).

47. Perkins-Kirkpatrick, S. E. & Lewis, S. C. Increasing trends in regional
heatwaves. Nat. Commun. 1, 3357 (2020).

48. Parmesan, C. Influences of species, latitudes and methodologies on
estimates of phenological response to global warming. Glob.
Change Biol. 13, 1860-1872 (2007).

49. Weltzin, J. F. et al. Seasonality of biological and physical systems as
indicators of climatic variation and change. Clim. Change 163,
1755-1771 (2020).

50. Scaife, A. A. et al. Does increased atmospheric resolution improve
seasonal climate predictions? Atmos. Sci. Lett. 20, €922 (2019).

51. He, F. Simulating Transient Climate Evolution of the Last deglacia-
tion with CCSMS3. Doctoral dissertation, University of Wisconsin-
Madison (2011).

52. Laskar, J. et al. A long-term numerical solution for the insolation
quantities of the Earth. AA 428, 261-285 (2004).

53. Riahi, K. et al. The Shared Socioeconomic Pathways and their
energy, land use, and greenhouse gas emissions implications: an
overview. Glob. Environ. Change 42, 153-168 (2017).

Acknowledgements

This study is funded by UKRI Medical Research Council through a Future
Leaders Fellowship held by C.M-P, contributing to the research project
DECADAL: Rethinking Palaeoclimatology for Society (MR/W009641/1).
Additional funding includes the Spanish Ministry of Science and Inno-
vation through the Ramén y Cajal Scheme [RYC2020-029253-1] awar-
ded by AH, the TipESM project funded by the European Union’s Horizon
Europe research and innovation programme under grant agreements No
101137673 by DS and Digital Waters Flagship (DIWA) (decision no.
359247) funded by the Research Council of Finland supporting AO. The
authors would like to thank Christophe Cassou and Julien Cattiaux for
providing the reanalysis data used in their research article Cassou and
Cattiaux (2016). We declare that the use and interpretation of these data
are by the authors of this study. The authors would further like to thank
Pete Langdon and other members of the DECADAL team for their sup-
port and conversations around this study.

Author contributions

C.M.-P. conceived and designed the study with contributions from L.B.,
A.H., and D.S. at different stages of the research. C.M.-P. and A.O.
generated the proxy data with input from A.A., EK., and P.L. L.B. per-
formed the TraCE-21ka simulations and historical data and conducted
the statistical analyses. L.B. and V.P. conducted the CMIP6 model ana-
lyses supervised by D.S. C.M.-P. and L.B. wrote the paper with input from

Nature Communications | (2025)16:9969


https://journals.ametsoc.org/view/journals/clim/12/4/1520-0442_1999_012_1086_saivon_2.0.co_2.xml
https://journals.ametsoc.org/view/journals/clim/12/4/1520-0442_1999_012_1086_saivon_2.0.co_2.xml
https://doi.org/10.1126/sciadv.abi8230
https://doi.org/10.1126/sciadv.abi8230
https://www.earth-syst-sci-data-discuss.net/essd-2020-55/
https://www.earth-syst-sci-data-discuss.net/essd-2020-55/
https://doi.org/10.5194/essd-2020-55
https://doi.org/10.1029/2008GL036350
https://doi.org/10.1029/2008GL036350
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65804-x

AH., AO., AA. EK,P.L, V.P, and D.S., who participated actively in the
discussion and interpretation of the results.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-65804-x.

Correspondence and requests for materials should be addressed to
Celia Martin-Puertas or Laura Boyall.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:9969


https://doi.org/10.1038/s41467-025-65804-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Consistent response of European summers to the latitudinal temperature gradient over the Holocene
	Results and discussion
	Evolution of European summer days during the Holocene
	Long-term validation of the role of the LTG on European summers
	Holocene context for future summers

	Methods
	Proxy records
	Palaeo-simulations
	Data-model Comparison

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




