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Abstract The relationship between total solar irradiance (TSI) forcing and summer extreme precipitation
and flood frequency over western Europe is investigated from a synoptic‐scale perspective, with a focus on the
role of Rossby wave packets (RWPs). Utilizing observational, model, and proxy data, we reveal a significant
increase in RWP frequency along a zonal band centered around 50°N, extending fromNorth America to western
Europe, during periods of low TSI. This anomaly in RWP frequency is consistent with a significant increase in
the frequency of extreme precipitation events recorded over western Europe. Sensitivity experiments conducted
with a state‐of‐the‐art chemistry‐climate model corroborate our findings based on observational data.
Additionally, a flood record from western Europe demonstrates a significant increase in flood frequency during
low TSI years, a relationship that persists across timescales. We argue that the frequency patterns associated
with TSI forcing presented in this study are robust and, therefore, valuable for estimating the frequency of
extreme precipitation events over western Europe under various solar irradiance scenarios. Moreover, our
findings indicate that the North Atlantic sector is more responsive to changes in solar forcing during the boreal
summer than previously thought, with this effect manifesting primarily on synoptic timescales rather than the
long‐term climatological mean.

Plain Language Summary The total solar irradiance change has a significant impact on precipitation
extremes over western Europe. Based on statistical analysis of observed and reconstructed data, we show that
during low total solar irradiance years the frequency of extreme precipitation and floods over western Europe is
significantly higher than the climatology due to more frequent synoptic‐scale Rossby wave packet (RWP)
events. Analysis of paleoclimate data reveals similar relationships between total solar irradiance forcing and
RWP and extreme precipitation frequency for different timescales. We argue that the RWP patterns presented
here are useful to estimate the evolution of extreme precipitation and floods over western Europe during the next
decades/centuries under different solar irradiance scenarios.

1. Introduction
The fluctuations in solar irradiance modulate Earth's climate system, including atmospheric composition (e.g.,
middle atmosphere ozone), tropical convection, and cloud formation and related dynamical feedbacks (e.g., Gray
et al., 2010). The imprints of the solar forcing in the terrestrial climate system are often investigated by analyzing
long‐term annual mean changes in meteorological variables (Jones &Mann, 2004; Lohmann et al., 2004), such as
global mean temperature or precipitation. Furthermore, explanatory approaches for more complex transmission
mechanisms, which involve feedbacks between solar spectral irradiance, ozone, and altered propagation condi-
tions of planetary waves and resulting atmospheric dynamics, predominately focus on the boreal winter of the
Northern Hemisphere (Kodera &Kuroda, 2002 (and thereafter)) and have recently been shown to be incompletely
and possibly inadequately understood (Chiodo et al., 2019; T. C. Spiegl et al., 2023).

In this study, we aim to expand the investigation to encompass potential signals across the Northern Hemisphere.
In doing so, we examine the possible influence of solar forcing on meteorological extreme events operating on
timescales ranging from days to a few weeks and their significance for documented past summer weather patterns.
It's worth noting the paradoxical tendency to emphasize winter seasons in solar‐terrestrial research, despite
historical evidence, such as the early Spörer (1420–1440) and later Maunder Minimum (1675–1715), indicating
that harsh cold winters were followed by particularly cool and humid summers (Büntgen et al., 2011; Luterbacher
et al., 2001) and associated crop failures in Europe (Camenish et al., 2016).

RESEARCH ARTICLE
10.1029/2024JD041952

Key Points:
• Low solar irradiance is associated with

more frequent Rossby wave packets
and extreme precipitation over western
Europe during summer.

• Paleoclimate data suggests that these
links are robust across different
timescales.

• In the scenario of decreasing solar
irradiance during next decades/
centuries, an increase in Sun‐related
precipitation extremes is expected.

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
N. Rimbu,
Norel.Rimbu@awi.de

Citation:
Rimbu, N., Spiegl, T., Ionita, M., Doshi,
S., & Lohmann, G. (2024). A synoptic
scale perspective of solar forcing on
extreme precipitation and floods over
Europe during summer. Journal of
Geophysical Research: Atmospheres, 129,
e2024JD041952. https://doi.org/10.1029/
2024JD041952

Received 7 AUG 2024
Accepted 28 SEP 2024

© 2024. The Author(s).
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RIMBU ET AL. 1 of 13

https://orcid.org/0000-0003-2832-9396
https://orcid.org/0000-0001-8240-4380
https://orcid.org/0000-0003-2089-733X
mailto:Norel.Rimbu@awi.de
https://doi.org/10.1029/2024JD041952
https://doi.org/10.1029/2024JD041952
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JD041952&domain=pdf&date_stamp=2024-10-29


Here we focus on the boreal summer and present a synoptic‐scale interpretation of paleoclimate data showing an
anticorrelation between changes in summer flood frequency over western Europe and solar irradiance (e.g.,
Czymzik et al., 2016). Transient Rossby wave packets (RWPs), a relevant synoptic‐scale atmospheric circulation
pattern, are important because they occur as precursors to extreme weather events such as intense surface cyclones
and extreme temperatures and precipitation (e.g., Wirth et al., 2018). From a climatological perspective, RWPs
are initiated most frequently in the entrance region of the midlatitude storm tracks in the western North Pacific and
the western North Atlantic. They propagate along the midlatitude waveguide, a region with strong potential
vorticity gradients that reduce the meridional dispersion of atmospheric waves. The RWPs decay preferentially in
the exit regions of the storm tracks over North America and the Eastern Atlantic/Europe, a process related to
Rossby wave breaking (RWB) (Quinting & Vitart, 2019). A signature of RWB in the Atlantic–European region is
the upper‐level high potential vorticity southward intrusions, which are associated with extreme water vapor
transport and precipitation over western Europe (e.g., de Vries, 2021). Therefore, understanding the changes of
the RWP properties is important for understanding extreme weather and climate variability.

Variability in the properties of RWPs has been intensively investigated in recent studies. For example, Souders
et al. (2014) used 300‐hPa streamline following envelope of meridional wind and found no trend in the annual
mean RWP activity volume between 1979 and 2010 both for the whole and different sectors of the Northern
Hemisphere. Karami (2019) used 250 hPa envelope of meridional wind and reported no trend in any sector or
season of the Northern Hemisphere between 1980 and 2013. A recent study (Fragkoulidis, 2022) reports
important decadal variability and trends in the amplitude, phase and phase‐speed of RWPs during the observa-
tional period. Furthermore, analysis of model simulation data under different scenarios of greenhouse gas
emissions reveals significant trends in RWP frequency for the next decades until the year 2100 (Trevisiol
et al., 2022). These changes in RWP characteristics should be also detected in the frequency of extreme weather
and climate records, as RWPs and weather extremes are strongly linked (e.g., Wirth et al., 2018). Nevertheless, to
our knowledge, there are no available studies about RWP variability from a paleoclimate perspective.

Both internal and external forcing is responsible for the changes in RWP characteristics as presented in the above‐
mentioned studies. It is well known that climate modes, such as the Arctic/North Atlantic Oscillation (AO/NAO)
or El Niño‐Southern Oscillation (ENSO), alter the large‐scale mid latitude flow and, therefore, the wave-
guide where RWPs propagate. There is a strong connection between AO/NAO and the frequency of wave
breaking (e.g., Strong & Magnusdottir, 2008) and atmospheric blocking (Riviere & Orlansky, 2007), two phe-
nomena that are intimately related to RWPs (Altenhoff et al., 2008). Pérez et al. (2021) reported a strong impact of
the southern annular mode (SAM) on long‐lived RWPs in the Southern Hemisphere in two reanalysis data sets
during the 1979 to 2020 period. Therefore, part of interannual and longer timescale variability in RWPs, as
identified in observational data, could be related to different modes of climate variability. External forcing,
such as solar irradiance changes, modulate atmospheric dynamics and local climate modes in the midlatitudes
(e.g., Gray et al., 2010; Roy, 2018) and thus potentially the RWP properties. To our knowledge, the sensitivity of
RWP frequency and related weather extremes in response to changes in the solar irradiance was not yet inves-
tigated. Thus, the main goal of this study is to isolate RWP frequency anomaly patterns associated with low solar
irradiance in the North Atlantic region and their relationship with extreme precipitation and floods over western
Europe during boreal summer, both for instrumental and pre‐instrumental period.

Building upon recent work by Rimbu et al. (2021), which suggested a potential link between solar irradiance
variability and extreme weather and climate events over Europe during the boreal summer over the last mil-
lennium, this study delves deeper into the underlying mechanisms. While Rimbu et al. (2021) established an out‐
of‐phase relationship between flooding frequency in Western Europe (as evidenced by Bavarian lake sediments)
and the solar cycle, we extend this analysis to a synoptic scale. Specifically, we demonstrate that the observed
increase in heavy precipitation days and floods over western Europe during periods of low solar irradiance is
associated with an increased frequency of RWPs in the Atlantic–European region. Through the analysis of proxy
data, we establish that the relationship between low solar irradiance forcing and increased frequency of extreme
precipitation and floods over western Europe during boreal summer is consistent across the investigated time
periods. Furthermore, we utilize explicitly designed model experiments to corroborate our findings based on
proxy data and reanalysis.

Our study can serve as motivation for further in‐depth investigations into the modulation potential of solar‐driven
extreme events during summer seasons in a future hothouse state. This is particularly relevant given that the
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current evolution of various features of the Sun's magnetic field suggests an end to the current grand solar
maximum period and a potential return of a modern grand solar minimum within the next decades. This could
entail spatio‐temporal solar‐induced consequences projected onto anthropogenic climate change (e.g., Spiegl &
Langematz, 2020). The availability of respective future solar scenarios to be included as part of CMIP6 (Matthes
et al., 2017) or CMIP7 (Funke et al., 2024) understrikes the relevance of the topic once more.

The paper is organized as follows. Section 2 describes the data, the algorithm to calculate RWP frequency, the
analysis applied in this study, as well as the model design and experimental setup. Section 3 focuses on the solar
irradiance impact on RWP and extreme precipitation frequency during the observational period. In the subsequent
Section 4 we discuss the model results. The robustness of the RWPs and extreme precipitation frequency anomaly
patterns, as derived from observational data, in a paleoclimate context is addressed in Section 5. Lastly, Section 6
provides a summary and discussion of the results.

2. Data and Methods
2.1. Total Solar Irradiance

The National Oceanic and Atmospheric Administration (NOAA) Climate Data Record (CDR) of Total Solar
Irradiance (TSI), NRLTSI version 2.1 from the NOAA National Centers for Environmental Information for the
period 1610–1849 with annual resolution (Coddington et al., 2017) has been used. The reconstruction model,
which is an empirical one, takes into account that the balance between bright facular and dark sunspot features of
the solar disk describe changes in solar irradiance from the background quiet‐Sun conditions. The contribution of
bright facular and dark sunspot are determined by linear regression between solar proxies and direct observations
of TSI by satellite missions. This record was merged with the annual TSI record recommended for solar reference
scenario CMIP6 model simulations, covering the period 1850–2299 (Matthes et al., 2017). The annual TSI time
series for the period 1850–2299 was calculated from the available monthly mean time series. We used this record
because its homogeneity in time, which is a necessary condition for a realistic solar forcing. The merged TSI time
series cover the period 1610–2299 with annual resolution.

2.2. Rossby Wave Packets Frequency

The frequency of RWPs is calculated using the functions implemented in the R package metR (Campitelli, 2021),
which are based on the algorithm described in Zimin et al. (2003). We chose this method because it is widely used
(Quinting & Vitart, 2019; Trevisiol et al., 2022). Following Trevisiol et al. (2022) we estimate the Amplitude of
the Wave Packet envelope (WPA) by considering 250 hPa meridional wind component (v) to describe deviations
from the zonal flow. A similar methodology was used by Karami (2019) to calculate WPA using NCEP reanalysis
data. For each latitudinal circle of the N longitudinal points, the Fourier transform coefficients Vk of v have been
calculated

Vk =
1
N
∑
N

l=1
v(
2πl
N
) e−

2πikl
N ,k = −

N
2
+ 1,…,

N
2

Then the signal has been reconstructed through the inverse Fourier transform for the wave numbers typical of
synoptic scale, that is, 4 to 11 (e.g., Karami, 2019) as follows:

w(
2πl
N
) = 2∑k=11

k=4 Vke
2πikl
N

Finally, the WPA is estimated from the equation given below:

WPA(
2πl
N
) =

⃒
⃒
⃒
⃒w(

2πl
N
)

⃒
⃒
⃒
⃒

The WPA is estimated in each grid point, using the 250 hPa meridional wind retrieved from the NOAA‐CIRES‐
DOE Twentieth Century Reanalysis Project, version 3, hereafter 20CRv3 (Slivinsky et al., 2019), database. The
250 hPa meridional wind for summer days, that is, from 1st June to 31st August (JJA), is used to calculate RWP
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frequency. An RWP object is considered to be detected in a grid point if the WPA in that grid point is higher than
20 m/s. This threshold was used in previous studies (e.g., Karami, 2019; Trevisiol et al., 2022) to identify RWPs
in the upper‐level meridional wind field. The percentage of summer days for which an RWP event is detected, that
is, WPA >20m/s, is calculated for each grid point for each summer using 250 hPa daily meridional wind retrieved
from the 20CRv3 data set. The RWP frequency anomaly patterns associated with low total solar irradiance years
are derived through a composite analysis. Furthermore we have used the daily Z500 field from the National
Center for Environmental Prediction and National Center for Atmospheric Research (NCEP/NCAR) (hereafter
NCEP) (e.g., Kalnay et al., 1996) as well as the Modern‐Era Retrospective analysis for Research and Applica-
tions, version 2 (hereafter MERRA‐2) (e.g., Gelaro et al., 2017) reanalysis databases to check the consistency of
the RWP patterns associated with low TSI forcing.

2.3. Precipitation Extremes

Extreme precipitation events have been usually investigated using extreme indices recommended by the Expert
Team on Climate Change Detection and Indices (ETCCDI) (Zhang et al., 2011). The ETCCDI is a set of
internationally accepted indices based on daily air temperature and precipitation measures that elucidates changes
in the frequency, duration and magnitude of extreme climate events. Here we use the R90p index, defined as the
number of days in a summer with daily precipitation higher than the 90th percentile of precipitation of wet days
(R > 1 mm). This index is calculated in each grid‐point for all summers covering the period 1806–2015 using
20CRv3 precipitation rate data.

2.4. Model Description and Experimental Setup

The sensitivity experiments analyzed have been conducted with ECHAM/MESSy in its version 2.52 (Jöckel
et al., 2016). The model uses ECHAM5 (Roeckner et al., 2006) as a dynamical core and integrates the MECCA
(Sander et al., 2005) interactive ozone chemistry in response to atmospheric tracers and solar spectral irradiance.
The high‐resolution short‐wave radiation scheme, FUBRAD (Kunze et al., 2014; Nissen et al., 2007), extends
upward from 70 hPa, encompassing the Lyman‐alpha to the near‐infrared spectrum across 81 wave length bands.
With a vertical resolution of 47 levels, the model reaches a top altitude of 0.01 hPa. Spatially, the model operates
at a horizontal resolution of T42 (approximately 2.5° × 2.5°) and is coupled to MPIOM (Jungclaus et al., 2006),
which operates at a resolution of approximately 1.5° × 1.5°.

To investigate the impact of a GSM‐like downturn in solar input on RWP dynamics and meteorological extreme
events in the summer season under preindustrial conditions, we analyzed a set of two distinct equilibrium sim-
ulations. The reference simulation (REF1850) represents steady‐state conditions for greenhouse gases (GHGs)
and ozone‐depleting substances (ODSs) corresponding to the year 1850. The solar forcing applied in this
reference experiment follows the 1850‐PI scenario, as detailed by Matthes et al. (2017). The experiment under
GSM conditions (GSM) uses the same settings (GHGs and ODSs) as REF1850 but assumes a severe Maunder
Minimum‐like downturn in solar energy. The GSM forcing includes a reduction of ∼− 5.5 W/m2 in TSI and a
respective adjustment of the SSI. The solar forcing data follow the PHI‐MC17 scenario as discussed in Egorova
et al. (2018). To account for Maunder Minimum conditions, TSI and SSI were averaged over the years 1690–
1710, and the resulting values were then prescribed as constant. After both experiments reached equilibrium,
150 transient years were evaluated. These experiments were part of the SOLCHECK project. More details and
data can be found in T. Spiegl et al. (2023).

2.5. Paleoclimate Data

To put the atmospheric circulation and precipitation extremes associated with low TSI, as derived from obser-
vational data, into a long‐term perspective, we use paleoclimate data. The 500 hPa field (Z500), retrieved from
ModE‐RA paleo‐reanalysis data base (Valler et al., 2023, 2024) is used to obtain the atmospheric circulation
pattern associated with low TSI forcing during the 1610–2008 period. This period is covered by both TSI and
Z500 records. The summer Z500 data, used in composite analysis, is calculated from the corresponding June,
Julay and August Z500 fields. This reconstruction is based on an offline data assimilation approach, blending
together information from an ensemble of transient atmospheric model simulations, observations and proxy data
(Valler et al., 2024).
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Furthermore, the sediment record from the Lake Ammer, that is, Ammersee in german terminology (Czymzik
et al., 2012), is used here to look for TSI‐flood relationship during the past. The river Ammer rises in the Bavarian
Alps and flows northward for about 80 km to Ammersee (48.01°N; 11.12°E). Details about river Ammer and its
catchment can be found in Czymzik et al., 2012 (and references therein). High daily discharges of this river, that
is, floods, are associated with specific layers in the lake sediments, which can be used to reconstruct flood fre-
quency. Here we use the annual resolution flood frequency reconstruction going back to mid‐Holocene (e.g.,
Czymzik et al., 2013). It was found that this record is a good proxy for heavy rainfall and flood frequency over
western Europe (Rimbu et al., 2016, 2021). This record covers the period 3563 BC to 1999 AD with annual
resolution (Czymzik et al., 2013).

2.6. Analysis Methods

Composite (threshold of − 0.5 sigma) is used to identify patterns of RWP and extreme precipitation indices for
low TSI years. Note that TSI time series is linearly detrended and normalized with its standard deviation for the
analysis period. Composite maps are constructed by averaging the RWP or R90p frequency anomalies over years
corresponding to low total TSI values. Anomalies are calculated relative to the climatology of the analysed period.
The significance of the composite anomalies and correlations are calculated at each grid point using a simple t‐test
(e.g., von Storch and Zwiers, 1999). As we focus on interannual to multidecadal timescales, both RWP and R90p
fields are linearly detrended before the composite analysis.

3. Rossby Wave Packets and Extreme Precipitation Frequency Patterns Associated
With Low Solar Irradiance Forcing During the Observational Period
As a first step the climatology of the summer RWP events, over the period 1980–2015, was analyzed to facilitate
comparison with previously published RWP frequency climatologies (e.g., Karami, 2019; Trevisiol et al., 2022).
This climatology reveals three prominent storm tracks, identified as regions of high RWP frequency: the North
Atlantic (NA) storm track extending from the eastern North American coast to Europe; the North Pacific (NP)
storm track extending from the Okhotsk Sea to the northwestern American coast; and the Southern Hemisphere
(SH) storm track spreading around 50°S. A weaker storm track affecting the Russian area is also evident
(Figure 1). The global RWP frequency pattern aligns with that presented by Karami (2019) based on NCEP data,
although RWP frequencies in our climatology (Figure 1) are systematically lower. This discrepancy is likely
attributable to differences in the spatial resolution of the underlying data products or other methodological
variations. To further assess the robustness of our findings, RWP climatologies for extended periods were
calculated using NCEP and MERRA‐2 data (1948–2022 and 1980–2022, respectively) (Figure S1 in Supporting
Information S1). These climatologies exhibit similar patterns to the 20CRv3 RWP climatology for 1980–2015

Figure 1. Summer climatology of relative frequency of WPAs exceeding 20 m/s for each grid point, processing 20CRv3 data
set for 1980–2015 period. Units: percentage of days with WPA >20 m/s from total number of summer days.
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(Figure 1). Our study focuses on the changes in RWP frequency, or storm track activity, in the Atlantic–European
region in response to TSI forcing.

The composite map of this field (i.e., RWP) in relation to the total solar irradiance time series, shows a significant
increase in the RWP frequency in a region extending from the eastern part of North America to the western part of
Europe, along ∼50°N, for low solar irradiance years (Figure 2). North of the positive RWP anomalies, around
∼65°N, negative RWP frequency anomalies are recorded (Figure 2). As the RWPs form and propagate in the
storm track region (e.g., Wirth et al., 2018), Figure 2 suggests a southward displacement of the NA storm track
during low solar irradiance years. This finding aligns with previous modeling studies (e.g., Haigh, 1999) that have
demonstrated a general poleward shift of Northern Hemisphere storm tracks under high TSI forcing. Notably, our
lake sediment record (Figure 2, filled black circle) is situated within a region exhibiting positive anomalies in
RWP frequency. Similar RWP frequency anomaly patterns associated with low TSI are observed for shorter
periods, specifically 1980–2022 using MERRA‐2 data (Figure S2a in Supporting Information S1) and 1948–2022
using NCEP data (Figure S2b in Supporting Information S1).

To better asses and confirm the anticorrelation between RWP frequency and TSI we define an index as the
average RWP frequency within the region (80°W–20°E; 45°N–55°N). In this region the RWP frequency
anomalies, as shown on the RWP frequency composite map (Figure 2), are highly significant. There is a strong
increasing trend in the RWP index based on 20CRv3 data during 1806–2015 period (Figure S3 in Supporting
Information S1). As this trend is possibly related to a continuous increase in quantity and quality of observed data
used in the 20CRv3 assimilation system, we removed the linear trend before any analysis. Furthermore, the values
of this index calculated using NCEP as well asMERRA‐2 data are systematically higher than those of the 20CRv3
index (Figure S3 in Supporting Information S1). Therefore, after removing linear trends, these time series were
normalized with the corresponding standard deviation before any analysis. The resulting time series are highly
(r > 0.65) correlated over their common period. The linearly detrended and normalized 20CRv3 RWP index
(Figure 3a) is significantly negatively correlated (r = − 0.20; p < 0.01) with TSI over the 20CRv3 period, that is,
1806–2015. The RWP index for the period 1980–2022, calculated using MERRA‐2 data, is also significantly
negatively correlated with TSI (Figure 3b). Note that the two highest values of this index are recorded during the
years 1987 and 2007 when TSI was extremely low. This suggests that the increase in frequency of RWP in this
region during low TSI summers is a robust characteristic of TSI‐RWP relationship.

While our primary focus is the relationship between extreme precipitation, flood frequency over western Europe,
and TSI, we extended our analysis to examine extreme precipitation patterns associated with TSI on a global scale
during the observational period. This expanded perspective aids in identifying potential mechanisms underlying
the observed TSI forcing of floods in western Europe during the summer season. Consistent with the RWP
frequency anomaly pattern (Figure 2), the frequency of extreme precipitation is higher in the region dominated by
the positive RWP frequency anomalies in the Atlantic–European region during low total solar irradiance years
(Figure 4). Strong anomalies of R90p indices are recorded in the tropical region, especially in the Pacific and
Indian oceans. The R90p pattern shows large scale features as the global winter precipitation anomaly pattern

Figure 2. Composite map of the RWP frequency anomalies during summer for low total solar irradiance years during 1806–
2015. The lake sediment location, that is, Ammersee, is indicated by the filled circle. The dots mark cells with significant
changes (90% confidence level). Units: %.
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associated with high solar forcing as presented in previous studies (e.g., Gray et al., 2010 and references therein).
However, it is possible that the low TSI signal is stronger recorded in R90p than in the precipitation mean field
anomaly.

4. RWP Patterns in Model Simulation
The RWP climatology corresponding the reference (REF1850) model simulation (Figure 5a) is consistent with
previous RWP climatologies based on observations (e.g., Karami, 2019; Trevisiol et al., 2022). Similar patterns
are recorded for grand solar minimum (GSM) experiment (Figure 5b). Both simulations captures well both the
position and intensity of the North Atlantic, North Pacific, and Southern Hemisphere storm tracks. The difference
between RWP frequency in GSM and REF1850 experiments (Figure 5c) shows a clear movement of the storm
tracks toward the equator in both hemispheres. In the North Atlantic region, which is our focus, the pattern is
similar to that in the observations (Figure 2), except in the Eastern Europe (Figure 5c). Consistent with our results,
previous model simulations (e.g., Haigh, 1999) reveals a poleward shift of the mid‐latitude storm tracks under
high TSI forcing.

Figure 3. (a) Time series of the TSI (red) and an RWP index (black) for the period 1806–2015. The RWP index is defined as
the average of RWP frequency, that is, percent of days with WPA >20 m/s, within the region (80°W–20°E; 45°N–55°N).
The index is calculated using 20CRv3 data. (b) As in (a) but for the period 1980–2022 based on MERRA‐2 data. Both time
series are linear detrended and normalized with the corresponding standard deviation.
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5. Paleoclimate Context
Paleoclimate reconstructions offer a critical window into Earth's past climate dynamics, extending far beyond the
limited timeframe of instrumental records. By analyzing proxy data preserved in natural archives such as tree rings,
ice cores, and sediments, scientists can reconstruct past temperature, precipitation, and atmospheric composition.
These reconstructions provide crucial context for understanding the natural range of climate variability, allowing
us to distinguish between natural fluctuations and human‐induced climate change (Allen et al., 2022). In this
respect, paleoclimate data can be used to test further the robustness of the atmospheric circulation patterns and
associated precipitation extremes as derived from observed and model data in the current study.

First we look for the atmospheric circulation pattern associated with low TSI summers during the last four
hundred years using paleo‐reanalysis data. The analysis is performed for the period covered by both ModE‐RA
paleo‐reanalysis data and TSI record, which is 1610–2008. The mean atmospheric circulation pattern anomaly
associated with low TSI during this period (Figure 6) shows negative anomalies over entire tropical region,
consistent with a general cooling of this region during low TSI summers. In the Atlantic–European region the
anomaly pattern resembles the synoptic‐scale pattern associated with river Ammer floods (Rimbu et al., 2016,
2021). A similar pattern is associated with the occurrence of debris flows in the Swiss Alps (Toreti et al., 2013).
This suggests that the relationship between TSI forcing and synoptic‐scale atmospheric circulation and associated
extreme precipitation patterns over western Europe, as derived from observational data, are robust in the
perspective of last four hundred years of climate variability.

To further investigate the persistence of the relationship between solar forcing, RWPs, and precipitation extremes
over Europe across longer timescales, we examine the association between flood frequency, as documented in
Ammersee sediments (Czymzik et al., 2013), and TSI extending back to 1610. Previous research studies (Rimbu
et al., 2021) have demonstrated that the Ammersee sediment record serves as a reliable proxy for extreme pre-
cipitation frequency over western Europe during summer. Analysis of 10‐year means, employed to enhance the
signal‐to‐noise ratio, reveals a strong out‐of‐phase relationship between TSI and flood frequency at multidecadal
timescales (Figure 7). A significant increase in flood frequency is recorded during both Maunder and Dalton solar
minima (Figure 7), that is, around 1700's and 1820's, consistent with observational (Figure 2) and model
(Figure 5c) RWP anomaly patterns. The flood and TSI time series are significantly negatively correlated
(r= − 0.41, p< 0.1) during the common period, that is 1610–1999. However, the flood record goes back in time to
3560 BC and the low frequency flood periods coincides well with low TSI periods (e.g., Rimbu et al., 2021). This
suggests that flood and extreme precipitation patterns associated with TSI forcing, as described in previous
sections, are independent of timescale.

Figure 4. Composite map of extreme precipitation frequency anomalies during summer (see text for definition) for low total
solar irradiance years during the 1806–2015 period. The dots mark cells with significant changes (90% confidence level).
Units: %.
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In a plausible scenario, a decrease in TSI in the next decades/centuries is expected (e.g., Matthes et al., 2017). The
CMIP6 recommended TSI record (Matthes et al., 2017) shows a minimum in the second part of this century
(Figure 7), which could be associated with an increase in the frequency of Sun‐related extreme precipitation over
western Europe relative to the present period.

6. Summary and Discussion
In this study, we have investigated the large‐scale anomaly patterns in the frequency of RWPs and extreme
precipitation over western Europe during boreal summer associated with the total solar irradiance variability. The

Figure 5. Climatology of RWP frequency, that is, WPA >20 m/s, for (a) reference (REF1850) and (b) grand solar minium
(GSM) experiment (c) difference between RWP frequency in GSM and REF1850 model simulation experiments. The dots
mark cells with significant changes (90% confidence level). Units: %.
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robustness of the results is addressed considering observed and proxy records as well as model data. We have
shown that low TSI is associated with positive RWP frequency anomalies in the Atlantic–European region along
∼50°N. This corresponds to a southward displacement of the North Atlantic storm track relative to the clima-
tology during low TSI summers. A similar relationship was identified in other reanalysis products, that is,
MERRA‐2 and NCEP, but for shorter periods. This suggests that the southward movement of the NA storm track
during low TSI summers is a stable characteristic of solar impact on atmospheric circulation. This southward
movement leads to positive anomalies of extreme precipitation and flood frequency over western Europe.

Previous modeling studies (e.g., Haigh, 1999) show a broadening of the tropical Hadley circulations and a
poleward shifts of the storm tracks in both hemispheres for high TSI forcing. These model results suggest that the
precise response of the atmosphere depends on the magnitude and distribution of the ozone changes in response to
solar forcing. The model simulation analyzed here show similar patterns. However, additional analysis of our
model data should be performed to identify the physical mechanism behind the solar related atmospheric cir-
culation patterns, particularly the role of ozone change under solar irradiance forcing. Here we argue that the
southern displacement of the storm track in the Atlantic–European region is associated with more frequent RWP
and extreme precipitation over western Europe. Furthermore, more frequent blocking should be recorded over

eastern Europe during low TSI summers leading to more frequent extreme
high temperature events over eastern Europe. However, more detailed model
data analysis should be performed to assess the extreme temperature patterns
associated with low TSI forcing.

Analysis of proxy data presented in this study indicates that the relationship
between the TSI and the frequency of extreme summer rainfall is not
dependent on timescale. With most scenarios/predictions (Matthes
et al., 2017; Steinhilber & Beer, 2013) suggesting a decrease in TSI relative to
the current maximum over the coming decades/centuries, we anticipate a
gradual increase in solar‐related extreme precipitation over western Europe,
peaking in the second part of this century when a TSI minimum could be
recorded. However, this is superimposed upon the anthropogenic forcing
influencing RWP frequency. A recent model‐based study (Trevisiol
et al., 2022) suggests a decrease in RWP frequency in the North Atlantic
region along ∼50°N during 2021–2040 and 2081–2100. This implies a
poleward shift of the storm track and a consequent decrease in the frequency
of extreme precipitation and floods over western Europe during these periods.
Conversely, the TSI scenario considered here predicts a southward shift of the
storm track with increased RWP and extreme precipitation frequency over

Figure 6. Composite map of 500 hPa geopotential height anomalies during summer associated with low TSI years during
1610–2008 period (see text for details). The dots mark cells with significant changes (90% confidence level). Units: m.

Figure 7. Time series of 10‐year means of reconstructed total solar irradiance
during the 1610–2300 (red) and flood frequency within 10‐year bins
recorded in Ammersee sediments (black) during the 1610–1999 periods (see
text for details). Units: W/m2 and number of flood years recorded in a 10‐
year bin.
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western Europe. Based on these findings and model simulations (Trevisiol et al., 2022 and references therein), we
infer that TSI forcing on RWP frequency in the North Atlantic is weaker than anthropogenic forcing over the next
decades/centuries. However, paleoclimate data suggest that TSI is the dominant forcing on flood and extreme
precipitation events over western Europe at longer timescales (centennial to millennial) during the past five
millennia (e.g., Rimbu et al., 2021).

To conclude, we have identified RWP frequency anomaly patterns and associated extreme precipitation events
over western Europe during boreal summer, linked to low total solar irradiance forcing. The robustness of these
patterns has been demonstrated across diverse observational and reconstructed data sets. However, further
modeling experiments are necessary to elucidate the precise mechanisms underlying the relationship between
solar irradiance forcing and extreme weather and climate phenomena observed in our analysis. Expanding upon
the findings presented here, our analytical approach could be applied to identify RWP frequency anomaly patterns
associated with solar irradiance forcing in other seasons, when RWP activity is typically higher than during
summer (e.g., Karami, 2019). This would enhance our understanding of the relative contributions of natural (solar
irradiance) and anthropogenic forcing to extreme weather and climate variability.

Data Availability Statement
All data sets used in this study are available from public repositories. The TSI data for the period 1610–1849
(Coddington et al., 2017) is available at https://doi.org/10.7289/V56W985W. The TSI data for the period
1850–2299 (Matthes et al., 2017) is available through Geomar Data Store site (https://solarisheppa.geomar.de/
cmip6). The reanalysis data, that is, 20CRv3 (Slivinsky et al., 2019) and NCEP (Kalnay et al., 1996) are available
through the PSL/NOAA Data Store (https://www.psl.noaa.gov/data/gridded/). The MERRA‐2 reanalysis (Gelaro
et al., 2017) is available through Global Modeling and Assimilation Office (GMAO) (https://gmao.gsfc.nasa.gov/
reanalysis/MERRA‐2/). The model data (T. Spiegl et al., 2023) is available through SLOCHECK Project Data
Sore (https://www.wdc‐climate.de/ui/entry?acronym=DKRZ_LTA_519_ds00048). The Ammersee flood record
(Czymzik et al., 2012) is available via PANGEA database https://doi.org/10.1594/PANGAEA.803368. The
ModE‐RA paleo‐reanalysis data (Valler et al., 2023) is available at https://doi.org/10.26050/WDCC/ModE‐RA_
s14203‐18501.
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