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Abstract. Solar variability leaves detectable, climate state-dependent imprints on summer hydro-meteorological extremes.
We show that centennial-scale solar minima, including the Maunder and Dalton minima, enhanced summer flooding and heavy
precipitation from Western to Southeastern Europe under pre-industrial conditions, by combining a chemistry—climate model
with palaeoclimate reconstructions and proxy records. We identify the physical mechanism linking reduced solar irradiance,
stratospheric ozone changes, and sea-ice persistence to modified meridional temperature and pressure gradients and a
southward shift of the European storm track. Model-data convergence supports this mechanism and its intra-seasonal
amplification toward late summer. In a high-emissions future climate, the loss of summer sea ice and a weaker, northward-
shifted storm track suppress this pathway, diminishing the sensitivity of European summer extremes to identical solar
perturbations. Our results highlight the critical role of background climate state for interpreting solar fingerprints in past records

and assessing future risks.

1 Introduction

The Sun, the key external climate driver, affects Earth’s energy balance and atmospheric composition, with variations
occurring on different timescales (Coddington et al., 2019). Short-term fluctuations in solar output, such as the 11-year solar
cycle, induce subtle yet discernible imprints on Earth’s climate system (Gray et al., 2010), although these effects remain
challenging to isolate and quantify (Chiodo et al., 2019; Huo et al., 2025; Spiegl et al., 2023). In contrast, longer-term solar
variations operating on centuries, such as Grand Solar Minima (GSM), have a documented influence on the climate (Ahmed
et al., 2013). Anomalies in the content of cosmogenic 14C in different paleo-archives reveal at least 27 GSMs during the

Holocene (Usoskin et al., 2007). Recent trends in solar activity over the past several solar cycles suggest the possibility of a
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future return to GSM conditions (De Jager et al., 2016; Miyahara et al., 2021; Zolotova and Ponyavin, 2014). The Maunder
Minimum (MM; 1645-1715) marks the last deep GSM and remains a key period for understanding past climate variability
and anticipating future changes (Eddy, 1976; Luterbacher et al., 2001), yet the summer season has been much less studied than

the boreal winter.

Several modelling studies have already examined how a future GSM or reduced future solar activity could influence climate
change. These studies show that a strong future reduction in solar activity would not stop anthropogenic warming, but would
only slightly reduce or delay it. Their main focus has been on long-term mean changes in temperature, radiative forcing,
atmospheric chemistry, stratospheric ozone, and large-scale circulation under future greenhouse-gas scenarios (Feulner and
Rahmstorf, 2010; Anet et al., 2013; Meehl et al., 2013; Ineson et al., 2015; Maycock et al., 2015; Arsenovic et al., 2018; Spiegl
and Langematz, 2020; Sedlacek et al., 2023). Thus, previous work has mainly asked how much a future GSM or weakened

solar forcing could modify the mean climate response to increasing greenhouse gases.

Our study fundamentally differs from these previous investigations in both scope and diagnostic focus. We do not focus on
whether a future GSM could compensate for global warming in the long-term mean. Instead, we ask whether the same GSM-
like solar perturbation produces the same regional climate response under different background climate states. In particular,
we focus on hydro-meteorological summer extremes on synoptic timescales, because these short-lived weather events are often

more relevant for societal impacts than seasonal or annual mean anomalies.

In this context, we show that reduced solar output during the MM and the Dalton Minimum (DM; 1790-1830) contributed to
the occurrence of extreme hydro-meteorological summer events in Europe. We support this finding through a robust
convergence of sediment records, high-resolution meteorological reconstructions (Rimbu et al., 2024), and targeted
simulations with a state-of-the-art chemistry—climate model (Jockel et al., 2010). Based on our model integrations, we propose
a physical mechanism linking solar variability to summer extremes via a cascade of interactions involving solar radiation,
stratospheric ozone, sea-ice and storm track dynamics under preindustrial climate conditions. Finally, we assess whether this
mechanism remains active in a climate system increasingly dominated by anthropogenic forcing. Thus, our study provides a
distinct perspective on solar—climate interactions: rather than quantifying the mean cooling effect of a future GSM, we test
how centennial-scale solar forcing is translated into daily weather extremes, and how this translation changes between past

and future climate conditions.

2 Materials and Methods
2.1 Model description

The EMAC (ECHAM/MESSy Atmospheric Chemistry) model—specifically ECHAMS version 5.3.02 coupled with MESSy
version 2.52—is a comprehensive chemistry-climate model developed to simulate atmospheric processes in the troposphere

and middle atmosphere, while accounting for interactions with the ocean, sea ice, land surface, and anthropogenic influences
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(Jockel et al., 2010). EMAC leverages the Modular Earth Submodel System (MESSy2), which integrates contributions from
multiple research institutions. Its atmospheric core is based on the ECHAMS general circulation model (Roeckner et al., 2006).
The model was configured in the T42L47MA setup, featuring a horizontal resolution of approximately 2.8° x 2.8° and 47
atmospheric layers, extending up to 0.01 hPa. Key submodules used in this configuration include MECCA for simulating
atmospheric chemistry (Sander et al., 2011), JVAL for calculating photolysis rates (Sander et al., 2014), and a reduced-
complexity tropospheric chemistry scheme to ensure computational efficiency. While the stratosphere and mesosphere follow
the detailed CCMI-base-02 chemical mechanism (Jockel et al., 2016), the compact chemistry in the lower atmosphere enables
faster model runs without major compromises in accuracy. The chemical setup comprises 98 tracers and 156 reactions, of
which 50 are photolytic. Additional components incorporated into the simulation include QBO (Giorgetta and Bengtsson,
1999) for simulating the quasi-biennial oscillation, UBCNOx (Funke et al., 2016) to represent auroral nitrogen oxide
production, and MPIOM which incorporates dynamical coupling between the atmosphere, ocean and sea ice (Jungclaus et al.,
2006) run at GR15L40 resolution (1.5° grid with 40 ocean levels). To enhance spectral accuracy in the ultraviolet and visible
ranges, the FUBRAD module (Kunze et al., 2014) was employed in the stratosphere and mesosphere (below 70 hPa). It
includes 81 spectral bands that capture key regions of the solar spectrum, such as the Lyman-a line (121.5 nm), Schumann—
Runge bands (125.5-205 nm), Herzberg continuum (206.2-243.9 nm), Hartley bands (243.9-277.8 nm), Huggins bands
(277.8-362.5 nm), and Chappuis bands (407.5-690 nm).

2.2 Experimental design

Two reference simulations were conducted with fixed solar radiation (based on the CMIP6 piControl solar forcing (Matthes
et al., 2017)), alongside greenhouse gas and ODS concentrations corresponding to the years 1850 and 2100. In addition, two
further simulations were performed, where the atmospheric composition mirrored that of the reference simulations, but a
substantial reduction in solar radiation was applied. This solar reduction scenario simulates a strong decline in solar energy
similar to the MM, based on the scenario described by McCracken and Beer (Egorova et al., 2018). As with the reference
simulations, a constant GSM solar forcing was applied. To define this, we calculated the arithmetic mean of the reconstructed
MM years (1690—-1710) and used the results (for both TSI and SSI) as boundary conditions. All simulations were initialized
from a historical simulation at the years 1850 and 2100. Once the global mean surface temperature reached equilibrium, each

model run was extended for an additional 150 years. These years are the basis for the presented results.

2.3 Meteorological reconstructions

To reconstruct the R10mm index (i.e. the number of days with daily precipitation of at least 10 mm) anomaly field over the
past six centuries, an established statistical methodology was employed (Rimbu et al., 2025). The summer season R10mm

field, derived from the E-OBS observational dataset (Cornes et al., 2018) for the period 1950-2020, was first subjected to a
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linear detrending procedure. Anomalies were defined as deviations from the climatological mean over this reference period.
Subsequently, the R10mm anomaly field was decomposed via Empirical Orthogonal Function (EOF) analysis (von Storch and
Zwiers, 2002). Predictors for the leading ten principal components (PCs) of R10mm were identified within the observed
summer mean anomaly fields of temperature (Vose et al., 2021) and precipitation (Rustemeier et al., 2022), based on stability
correlation criteria. Multiple linear regression models were then constructed for each of the ten PCs using the corresponding
sets of selected temperature (T) and precipitation (PP) predictors. Based on models developed for the calibration period 1950—
2020, we reconstruct the R10mm field back to 1900 using observed temperature (Vose et al., 2021) and precipitation
(Rustemeier et al., 2022) as predictors. The reconstructed fields are validated against R10mm estimates derived from
observational data sets (e.g. Dunn et al., 2020) and different reanalysis products (e.g. Slivinski et al., 2019), showing robust
skill throughout the observational period. These models, developed over the calibration period (1950-2020), were
subsequently applied to ModE-RA paleo-reanalysis data (Valler et al., 2024) spanning 1421-2008, to infer the corresponding
R10mm PCs. Finally, the spatial variability patterns of R10mm from the calibration period, in conjunction with the
reconstructed PCs, were utilized to reconstruct the full R10mm anomaly field over the entire ModE-RA period (1421-2008).
Further methodological details are provided in (Rimbu et al., 2025). To identify years characterized by reduced solar activity,
we utilized the normalized time series of sunspot numbers spanning the period 1610-1950 (Hoyt and Schatten, 1998). The sun
spot number timeseries has been compared to normalized flooding frequencies (i.e. number of floods per anno) represented by
sediment core data from River Ammer (Czymzik et al., 2012; Czymzik et al., 2013). Years were classified as low solar activity

years for the composite analysis if their normalized values fell below the threshold of —0.5 o.

2.4 Rossby wave packets analysis

The frequency of Rossby wave packets (RWPs) is calculated using the functions implemented in the R package metR (Zimin
et al., 2003). This method has already been succesfully used in numerous studys identifying the Northern Hemisphere storm
track (Karami, 2019; Quinting and Vitart, 2019; Rimbu et al., 2024). We estimate the Amplitude of the Wave Packet envelope
(WPA) by considering the 250 hPa meridional wind component (v) to describe deviations from the zonal flow. For each

latitudinal circle of the N longitudinal points, the Fourier transform coefficients Vi of v have been calculated:

27l 2mikl

N
12 - N N
Vk:ﬁ l=1V(T)e N ,k:—;+1,,; (Eq 1)

Then the signal has been reconstructed through the inverse Fourier transform for the wave numbers typical of synoptic scale,

that is, 4 to 1 as follows:
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Finally, the WPA is estimated from the equation given below:

2ml 2ml

WPACD) = [wE) |. (Eq.3)

The WPA is calculated at each grid point for summer days. A RWP is identified when the WPA at a given grid point exceeds
20 m/s. We then count the number of days on which this criterion is met and compare the resulting frequencies between the

reference simulations and those assuming a GSM scenario.

2.5 Statistical Methods

To assess whether the solar signals in 2-meter temperature, 850 hPa air temperature, and geopotential height are statistically
significant in the long-term mean (JJA and individual summer months), we apply a two-sided Student’s t-test using the
scipy.stats.ttest_ind() function in Python. To test whether the occurrence frequencies of RWPs and R10mm days differ
significantly between scenarios, we use a x> test as implemented in scipy.stats.chi2 contingency(). The North—South
temperature and geopotential gradients are calculated by first computing area-weighted means over two regions of the North
Atlantic sector: a northern box (90°N—70°N, 60°W-10°E) and a southern box (30°N-50°N, 60°W—10°E). The gradients are
then obtained by subtracting the southern mean from the northern mean. Solar-induced signals in these quantities are

determined by subtracting the values in the reference simulation from those in the GSM simulation for the respective periods.

3 Results

3.1 Climate fingerprints of Grand Solar Minima under contrasting background states

To analyze the long-term, state-dependent fingerprints of a GSM, we conducted paired simulations under preindustrial (PI)
and late—21st-century (Future) high—greenhouse-gas-emission (SSP3-7.0 (Meinshausen et al., 2020)) conditions, including
corresponding concentrations of ozone-depleting substances (ODS). Each set was performed with and without a strong MM—
like reduction in total and spectral solar irradiance (TSI/SSI) (see Methods for details).

The June—July—August (JJA) mean 2-meter air temperature distributions under PI conditions (Fig. 1a) and the temperature
anomalies under a future warming scenario (Fig. 1d), highlight well-established features of anthropogenic impacts such as
stronger warming over land and amplified warming at high latitudes. In a GSM scenario (Figs. 1b and 1e), a global temperature

reduction of —0.2 K under PI and —0.5 K under future atmospheric background conditions is simulated. The spatial expressions
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also diverge. In the PI simulation, anomalies in the North Atlantic sector are heterogeneously distributed and modest at polar
latitudes (Fig. 1c¢). Compared to that, polar cooling is five times larger (Fig. 1f) in the Future simulation, reflecting the direct
coupling of irradiance changes with an ice-free ocean surface. In the following, we show that although the absolute thermal
sensitivity to solar forcing increases in a warmer climatic background, its impact on weather dynamics becomes fundamentally

weaker.
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Figure 1. Global distribution of 2-meter air temperature under PI climate conditions (a), and projected anomalies under future
global warming (d). Panels (b) and (e) show the 2-meter temperature offsets due to the influence of a GSM under PI and future
climate conditions, respectively. (c) and (f) Zonal-mean 2-meter temperature offsets under PI and future climate conditions.
All maps represent the June—July—August (JJA) seasonal mean. All Climate change anomalies are statistically significant at

the 99% confidence level, while GSM-induced anomalies are significant at the 95% level.

3.2 Grand Solar Minima effectively modulate European summer extremes under PI climate conditions

Summer floods frequently affect the Alpine foreland, where heavy rainfall results from convective activity, abundant moisture,
and orographic forcing along the northern Alps. Slow-moving low-pressure systems can amplify these conditions, as during
the August 2005 flood. To investigate potential solar influences on such hydrological extremes and to disentangle the

governing atmospheric dynamics (Beurton and Thieken, 2009; Fischer et al., 2022; Parajka et al., 2010) in past and future
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climate states we analyze sediment records, meteorological reconstructions and tailor-made high complexity chemistry-climate

model experiments.

Sediment records from the Ammer River, which is located in the Alpine foreland in southern Germany, reveal a clear
anticorrelation between solar activity and flood frequency particularly during pronounced GSM phases (Fig. 2a), suggesting a

solar influence on hydrological extremes.
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Figure 2. a) The normalized time series of sunspot numbers (SSN) and the flood frequency of the River Ammer The green
horizontal line marks —0.5c of the solar time series, defining the threshold for low solar activity composites. (b-e) Composite
of the reconstructed R10mm index (frequency of days with >10 mm precipitation) during years of low solar activity. Dotted
regions are significant at the 90% level. The triangle marker approximates the geographic location of the River Ammer
(48.01°N, 11.12°E).

We first reconstruct the time series of the heavy-precipitation index (R10mm) based on the methodology described in Rimbu
etal. (2025), before we compute composites for low—solar-intensity years between 1610 and 1949. The resulting spatial pattern
reveals a dipole over Europe (Fig. 2b), with enhanced extremes from Western to Eastern Europe and parts of the Mediterranean,

and suppressed activity at higher latitudes. The prevailing seasonal pattern is largely shaped in late summer (August; Fig. 2e).
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Figure 3. GSM-induced anomalies in a PI and Future climate state in the frequency of R10mm days, RWPs, temperature and
geopotential height at 850 hPa and total ozone column (TOC) for late summer (August). Dotted regions are significant at the
95% level. Only those TOC anomalies significant at the 99% level are shown.

Our model integration that assumes a GSM under PI climate conditions (PI_GSM) reproduces the spatial fingerprints of
extreme precipitation quite well (Fig. 3a). The experiment shows a robust increase in the frequency of R10mm days in a band
from Western to Southeastern Europe, consistent with observed flood peaks in the Ammer River catchment during the Maunder
and Dalton minima, and a decrease in the probability of R10mm days further north. The anomaly intensifies throughout the
season (see Extended Data Fig. S1), with late summer (August) again showing the clearest pattern. Under future climate

conditions, no clear or statistically significant pattern emerges (Fig. 3f and Extended Data Fig. S2).
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To investigate the dynamical drivers of the observed extreme-precipitation pattern, we apply a RWP frequency tracking
algorithm (Rimbu et al., 2024) to detect the position and intensity of storm tracks. The experiments without GSM forcing
reproduce the North Atlantic maxima and realistic storm track positioning over Europe. Consistent with previous studies
(Trevisiol et al., 2022), anthropogenic forcing weakens the storm track and shifts it northward over the European continent
(Extended Data Fig. S3). GSM-induced anomalies in the PI setting (Fig. 3b) reveal a southward shift of the storm track mirrored
in the pattern of extreme precipitation. This signal vanishes under future conditions (Fig. 3g), suggesting that anthropogenic
warming masks the solar influence on extreme hydro-meteorological conditions. As already seen in the 2-meter temperature,
the thermal response in the lower troposphere is much weaker (insignificant and even slightly positive locally) at high latitudes
under PI conditions compared to the response under future conditions (compare Fig. 3c and 3h). Additionally, the GSM-
induced anomalies in geopotential height in the PI climate state resemble characteristics of a negative phase of the Northern
Annular Mode (NAM) at 850hPa and throughout the troposphere, whereas in a future warm climate no preferred phase
dependence is evident (compare Fig. 3d and 3i, and Extended Data Fig. S4). It further shows that the configuration of
temperature and geopotential height anomalies correlates with the strength of the anomalies in the TOC - that is, the strongest
TOC anomalies occur in regions where temperatures are modestly negative or slightly positive and high-pressure conditions
prevail. In the PI GSM simulation, a pronounced negative ozone anomaly is established southward of Greenland stretching to

subpolar latitudes (Fig 3e).

3.3 Linking solar forcing to summer extremes via sea-ice and ozone feedbacks

Our results trace the GSM-induced dynamical pattern under PI conditions to a chain of solar—cryospheric-radiative feedbacks
that is projected to break down in a warmer climate, disrupting the pathways and fingerprints of solar activity over the North

Atlantic. Our findings are summarized schematically in Figure 4.
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Figure 4. The Solar—Cryospheric Radiative Coupling (SCRC) mechanism under pre-industrial climate conditions and its
impact on hydro-meteorological extremes in Europe. During a GSM, incoming shortwave solar radiation is substantially
reduced (compare the width of blue and orange arrows at the top). This reduction decreases stratospheric ozone compared to
regular PI conditions without a GSM (blue and orange ovals below the arrows), which in turn lowers the absorption of solar
energy and partly compensates for the initial reduction in irradiance (compare arrow widths below the schematic ozone field).
Over Arctic sea ice, reflected sunlight causes only a slight surface cooling, allowing for slightly thicker and more extensive
sea ice and associated latent heat release (reddish curled arrows). Consequently, surface cooling over the Arctic remains modest
(light blue oval). In contrast, over ice-free oceans, reduced solar absorption leads to stronger cooling. The resulting
heterogeneous temperature response alters the meridional temperature gradients in the lower troposphere, leading to an
adjustment in the geopotential height pattern. A relative high-pressure anomaly (H) develops over polar to subpolar latitudes,
while a relative low (L) forms over mid- and subtropical regions. Under high-pressure influence, air masses become poorer in
ozone, further reducing solar absorption and limiting polar to subpolar cooling even more. As a result, the temperature gradients
in the transition zone between subpolar and mid-latitudes decrease, causing a destabilization and stronger meandering of storm

tracks bringing enhanced precipitation in a band from Western to Southeastern Europe.

The GSM-induced spatial distribution of temperature anomalies under PI conditions—marked by a weak response at high
latitudes and a stronger response at lower latitudes—stems from the high-albedo effect of persistent sea ice. The ice surface

efficiently reflects much of the incoming shortwave radiation back to space, largely offsetting the reduction in solar input
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during a GSM. Moreover, the intact sea-ice cover acts as a physical barrier that limits energy exchange between the atmosphere
and the ocean, further suppressing GSM-induced surface cooling. As a result, the lower polar troposphere experiences only
weak cooling, which nonetheless promotes slightly more extensive and thicker summer sea ice, enhancing freezing and latent
heat release (Extended Data Figure S5) that again dampen GSM-induced cooling at high latitudes. As a consequence of the
differential cooling, a relative high-pressure system develops at higher latitudes, while a relative low-pressure system is
established in the mid- to subtropical latitudes. The altered pressure field initiates a coupled dynamical-chemical feedback

with ozone, further modulating the spatial pattern of temperature anomalies over the North Atlantic.

During a GSM—the reduction in shortwave radiation—particularly at wavelengths below 240 nm—slows down chemical
ozone production in the Chapman cycle, leading to a decrease in stratospheric ozone. While this determines the general sign
of TOC anomalies, the prevailing atmospheric dynamics modulate the pattern. Tropospheric weather systems exert a well-
documented influence on TOC variability. In high-pressure systems, subsiding air causes adiabatic warming in the lower
troposphere, lifting the tropopause and lower stratosphere air masses. This upward displacement leads to adiabatic cooling
aloft and brings ozone-poor air upward, reducing the TOC. Additionally, high-pressure systems suppress the horizontal
transport of ozone-rich air from higher latitudes (Steinbrecht et al., 2003). During a GSM, these dynamically driven local
ozone minima directly affect shortwave transmission through the atmosphere: reduced ozone concentrations lower absorption,
allowing more shortwave radiation to reach the surface. As a result, surface cooling is most effectively suppressed where ozone
depletion is strongest, across subpolar latitudes over the open North Atlantic. This suggests that radiative—chemical-dynamical
feedbacks during a GSM can limit surface cooling in some regions, while acting as amplifiers in others. Notably, capturing
such localized processes requires high-complexity chemistry—climate models with well-resolved radiation schemes and

realistic representations of middle-atmosphere dynamics.

In summary, these feedback interactions weaken the meridional temperature and pressure gradients in the lower troposphere
across the Atlantic, most strongly in the transition zone between the subpolar and mid-latitudes (~55° N). This leads to a wavier
and less stable storm track, with enhanced meandering and more frequent southward excursions over Europe, bringing
increased precipitation from Western to Southeastern Europe (Fig. 3c). It has been noted in earlier studies that the temperature
gradient in the transition zone of the lower troposphere is of particular relevance for shaping the strength and location of the
European summer storm track (Dong et al., 2013). Especially the significant increase in precipitation propagating from
Northwestern to Eastern Europe is one of the features of a negative summer North Atlantic Oscillation (SNAO), which depends
on the state of the NAM and correlates well with extreme weather conditions and floodings (Liu et al., 2025). Paleoclimate
reconstructions of the summer SNAO further indicate that during colder periods, such as the Little Ice Age, a prevailing
tendency toward a negative SNAO phase can be observed, thereby lending additional support to our findings (Linderholm &
Folland 2017). However, since we are not computing composites for specific phases of the NAM or SNAO, and because
additional dynamical processes are at play in our simulations, the solar-induced pattern in extreme precipitation is not

completely identical with that of a negative SNAO.

11



290

295

300

305

310

315

https://doi.org/10.5194/egusphere-2026-3630
Preprint. Discussion started: 9 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The observed peak responses in August, in both reconstructions and model integrations, reflects several seasonal factors. First,
the pattern needs time to fully develop (Extended Data Figure S4 column 1 and 2). Second, the climatological storm track
maxima is closest to Europe in August (Extended Data Figure S1 column 1), making solar-induced shifts more regionally
impactful. Third, generaly fewer heavy precipitation events enhance the visibility of GSM-induced anomalies (Extended Data
Figure S1 column 3). Finally, by late summer, the insolation differences (GSM vs. REF) weaken as high latitude solar input
declines after the solstice (Extended Data Figure S4 column 1).

In contrast, our GSM simulations under a high-emissions future show no such response. With the disappearance of summer
sea ice, irradiance anomalies couple directly to the ocean mixed layer, leading to enhanced high-latitude cooling and more
uniform conditions across the Atlantic. As a consequence, no distinct bipolar pressure anomalies develop—an essential
prerequisite for a feedback between dynamics and ozone that, in the PI_GSM simulation, carries the signal from polar to
subpolar latitudes and affects the meridional temperature gradients there. Furthermore, by 2100, the storm track transitions
into a weaker mean state (Extended Data Fig. S3b), reducing the potential for solar-induced modulations in the opposite
direction. Consequently, the distinct features in heavy precipitation vanish, and the GSM leaves no detectable fingerprint in

summer extremes.

4 Conclusion

In this study we demonstrated that identical solar perturbations yield divergent hydroclimatic outcomes depending on period
specific atmospheric background conditions. Our results show that reduced solar activity—as during the Maunder and Dalton
Minima—amplified extreme summer precipitation from Western to Southeastern Europe through a coherent chain of processes
involving sea ice, stratospheric ozone chemistry and storm track dynamics. This summer response to solar variability has been
largely underappreciated, with most previous studies focusing on winter (Chiodo et al., 2019; Gray et al., 2010; Huo et al.,
2025; Spiegl et al., 2023). Moreover, our findings demonstrate that solar imprints can manifest strikingly in daily weather

extremes—not just in long-term climatological means.

It is important to emphasize that the Maunder and Dalton Minima were not affected by solar forcing anomalies alone. In
particular, the Dalton Minimum overlapped with strong volcanic forcing, including the unidentified 1809 eruption, the 1815
Tambora eruption, and additional smaller to moderate eruptions in the early nineteenth century (Anet et al., 2014; Timmreck
et al., 2021; Fang et al., 2023). Volcanic forcing also affected parts of the broader MM period and the Late MM, although its
temporal structure differed from the clustered volcanic forcing around the Dalton Minimum (Luterbacher et al., 2001; Anet et
al., 2014). Therefore, reconstructed hydroclimatic anomalies during the Maunder and Dalton Minima cannot be attributed
uniquely to reduced solar activity. This limitation is particularly relevant when comparing idealized simulations with proxy

records from historically forced periods.
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Our experiments were not designed to reconstruct the full climate evolution of the Maunder or Dalton Minimum. Instead, they
are idealized time-slice sensitivity experiments that isolate the hydroclimatic response to a strong reduction in solar irradiance
under different background climate states. Volcanic forcing was therefore deliberately excluded to avoid mixing externally
forced signals and to allow for a clean attribution of the simulated anomalies to the imposed solar perturbation. In this sense,
comparisons with Maunder- and Dalton-era proxy records should be interpreted as consistency checks rather than as direct
attribution of historical anomalies to solar forcing alone. More broadly, our results highlight that the climatic expression of an
externally imposed radiative perturbation depends strongly on the background climate state. We therefore expect that volcanic
forcing, or combined solar—volcanic forcing, may likewise produce different regional hydroclimatic fingerprints under
different climatic backgrounds, although the specific mechanisms would not be identical because volcanic aerosols and solar

irradiance changes affect radiation, chemistry, and dynamics in different ways.

The Ammer flood record was used here as an exemplary proxy archive from the northern Alpine foreland, where sedimentary
flood layers provide a particularly sensitive record of past hydroclimatic extremes. We do not interpret this single archive as
evidence for a spatially uniform European flood response to reduced solar activity. Rather, it serves as one regional consistency
check for the modelled increase in heavy precipitation and flood-prone conditions over central Europe. Other flood
reconstructions from the Alpine and central European domain likewise indicate pronounced hydroclimatic variability and, in
some cases, enhanced flood activity during periods of reduced solar activity or Little Ice Age conditions, including records
from the Bavarian Alpine Foreland and Alpine lake-sediment archives (Bohm et al., 2015; Czymzik et al., 2016; Pefia et al.,
2015; Schulte et al., 2015). Documentary flood reconstructions from the Upper Rhine and its tributaries show that flood
occurrence in Central Europe is highly spatially structured and depends on catchment-specific meteorological triggers,
supporting our interpretation that individual archives such as the Ammer record should be viewed as regional consistency
checks rather than evidence for a uniform European response (Himmelsbach et al., 2015). Documentary and instrumental flood
reconstructions from the High Rhine basin further show strong seasonal and multidecadal flood variability in the Alpine—
Central European domain, with summer floods particularly frequent between 1651 and 1750, although this evidence is not an
unambiguous attribution to solar forcing alone (Wetter et al., 2011). At the same time, not all European flood archives show
the same sign of response. Swiss flood chronologies, for example, document phases of reduced flood frequency during parts
of the Maunder and Dalton Minima, and historical flood series from other European regions emphasize strong spatial and
seasonal heterogeneity (Schmocker-Fackel and Naef, 2010; Macdonald and Sangster, 2017). We therefore regard the proxy
evidence as regionally differentiated rather than uniformly confirmatory. This is consistent with our model results, which show
a spatially structured response with enhanced heavy precipitation from Western to Southeastern Europe and reduced activity
further north. We expect that individual hydrological systems differ in their ability to record solar-related circulation changes,
depending on catchment characteristics, seasonality, archive sensitivity, storm-track position, and the superposition of other

forcings such as volcanic eruptions.
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On the other hand our conclusions align with recent long-term reconstructions of human population dynamics that point to a
connection between multicentennial solar variability and global demographic cycles throughout the Holocene (Wirtz et al.,
2024). These reconstructions suggest that population growth oscillations across all inhabited continents followed
multicentennial solar cycles and correlated not with mean climate conditions, but with their stability. In light of our results—
demonstrating that GSMs amplified extreme summer precipitation in Europe through a coherent, state-dependent atmospheric
mechanism—a consistent picture emerges: solar variability modulates short-term climate extremes in ways that can scale up
to influence long-term societal dynamics, particularly when the background climate allows such variability to manifest in the

circulation system.

Crucially, we demonstrate that the proposed mechanisms operate robustly under preindustrial climate conditions, but break
down in a warmer future climate. As future climates increasingly diverge from past analogues, it becomes essential to consider
not only the persistence of solar signals, but also how their fingerprints may change under different background conditions—

both when interpreting paleoclimate records and when assessing future risks.

This interpretation is consistent with recent causal-inference analyses of Alpine flood variability, which suggest that solar
irradiance can modulate preindustrial flood frequency through changes in summer atmospheric circulation, particularly the
summer North Atlantic Oscillation, while these solar—flood relationships weaken under modern anthropogenic forcing (Pefia-
Rabadan et al., 2026). Although based on a different catchment and proxy framework, this study supports the broader view

that solar-related hydroclimatic signals are not stationary in time, but depend on the prevailing climatic background state.

Additionally, our findings offer a new perspective on long-standing uncertainties regarding solar variability signals on decadal
timescales, particularly the 11-year solar cycle. These signals have historically appeared weak and unstable across different
segments of the instrumental record (1850—today). It has been suggested that stronger solar-cycle imprints in climatological
means since the 1930s may reflect slightly higher solar-cycle amplitudes in the more recent period (Chiodo et al., 2019; Drews
et al., 2022). Based on our results, we challenge this interpretation and argue instead that the improved detectability of solar-
cycle signals since the 1930s also arises from anthropogenic climate change—which has altered the background state of the
climate system in ways that amplify the thermal fingerprints of solar forcing in long-term climatological means, even as their

dynamical imprints on weather extremes vanish in a greenhouse-gas-dominated world, as demonstrated in this study.

Here, we focused on the radiative—cryospheric pathway through which solar forcing can influence hydro-meteorological
extremes. However, changes in other components of the climate system — such as volcanic aerosols, cloud feedbacks, ocean
circulation, or polar vortex dynamics — may likewise modulate the manifestation of externally forced climate fingerprints

under evolving background conditions. Identifying these additional pathways will be essential for achieving a more
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comprehensive understanding of solar—climate interactions across different climatic epochs and, in particular, in a future

warming world.
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Figure Al. Intraseasonal distribution of RWP frequencies over the European sector under PI conditions (a, e, i) and anomalies
395 induced by a GSM (b, f, j). Distribution of R10mm frequencies under PI conditions (c, g, k) and anomalies induced by a GSM

(d, h, ). All significant anomalies (stippled areas) are shown at the 95% confidence.
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anomalies (stippled areas) represent the 95% confidence level.
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shown at the 95% confidence level.
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Figure AS. Intraseasonal anomalies induced by a GSM under PI conditions in sea ice cover (column 1), sea ice thickness
(column 2) and latent heat flux (Ihfl) (column 3). All significant anomalies (stippled areas) are shown at the 95% confidence

level.
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Code and data availability

Monthly data required to reproduce our analysis are publicly available from the German Climate Computing Center (DKRZ)
(Spiegl et al., 2023). Due to storage limitations, additional data—including daily datasets—can be obtained upon reasonable
request from the corresponding author. The EMAC model code is available upon request through the MESSy consortium

(https://messy-interface.org/).
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