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Abstract.

High-resolution ice core records from the Greenland ice sheet provide critical insights into past climate variability across

seasonal to multidecadal timescales. A key proxy in these reconstructions is the concentration of stable oxygen isotopes (δ18O),

which reflects both regional climatic conditions, such as temperature, as well as atmospheric and oceanic circulation patterns.

While some studies have linked δ18O variability to synoptic-scale phenomena, particularly atmospheric blocking, its relation-5

ship to extreme hydroclimatic events in Europe remains underexplored. This study demonstrates that a stacked record of δ18O

from the Northern Greenland Transect (NGT), spanning 1602 to 2011, serves as a proxy for hydroclimatic extremes in Europe.

The connection between δ18O anomalies and European atmospheric circulation patterns is investigated across two periods:

the observational era (1920–2011) and a longer historical context (1602–2003) using paleoclimate reanalysis data. Composite

analysis reveals that years characterized by low δ18O values in the NGT record correspond to an increased frequency of at-10

mospheric blocking over Europe. These blocking events are associated with distinct hydroclimatic extremes. Specifically, the

analysis shows a consistent pattern of enhanced frequency of extreme precipitation along Norwegian coast and more frequent

extreme drier conditions over southern Europe during such years. The persistence of this linkage in both modern observations

and long-term reconstructions underscores the robustness and temporal stability of the relationship between Greenland δ18O

variability and European hydroclimatic extremes driven by atmospheric blocking.15

1 Introduction

The frequency of extreme weather events is rising due to climate change, leading to significant loss of life and substantial

socio-economic costs (Faranda et al., 2023b; Bakke et al., 2023; Ma et al., 2024; Ionita and Nagavciuc, 2025). These events

typically last from a few days (e.g. heatwaves, cold spells) up to months (e.g., droughts). In recent years, Europe has expe-

rienced an increasing frequency of extreme weather events (e.g. IPCC, 2021; Vautard et al., 2023; Dong and Sutton, 2025).20

Several factors contribute to this trend. Scaife et al. (2008) linked the rise in extreme events to long-term changes in the North

Atlantic Oscillation (NAO), while García-Burgos et al. (2023) attributed it to a combination of jet stream dynamics and atmo-

spheric blockings. Atmospheric blocking plays a key role in extreme weather by disrupting the jet stream, creating meanders
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that foster conditions conducive to severe events (Kautz et al., 2022). Additionally, Faranda et al. (2023a) found that certain

atmospheric circulation patterns are becoming more frequent, increasing the recurrence of extreme events, while others are25

declining, leading to fewer corresponding extremes. Kornhuber and Messori (2023) also demonstrated that high-amplitude

wave-4 events have become more common across the Northern Hemisphere, enhancing the likelihood of extreme weather

in both North America and Europe. Understanding the past evolution of extreme weather events is crucial for investigating

changes in underlying physical processes, validating climate models, and societal impacts (Yiou et al., 2012; Xu et al., 2024;

Brönnimann et al., 2025).30

Reconstructing extreme weather events remains challenging because most proxies lack the temporal resolution needed to

capture short-term variability. A few proxies offer daily-scale data, but they usually reflect local rather than regional conditions

(Yan et al., 2020). For instance, tree-ring networks, mainly sensitive to summer conditions, have recently been combined with

deep learning to reconstruct summer atmospheric blocking over the past millennium (Karamperidou, 2024). However, their

time span is shorter than that of other archives and mainly on the mid-latitudes. On the other hand, the repeated occurrence of35

extreme weather events may reasonably leave a detectable imprint in the proxies, even when their temporal resolution is lower

than the timescale of such events and therefore detected at seasonal or annual resolution (Brönnimann et al., 2025).

Ice cores records can be used for multidecadal and longer time scale reconstructions (e.g. Meeker et al., 1997; Vinther et al.,

2010; Rimbu and Lohmann, 2010; Chylek et al., 2011). The high temporal resolution ice cores from the Greenland ice sheet

gives valuable information on climate variations from seasonal to multidecadal time scales (e.g. Andersen et al., 2004; Holme40

et al., 2019). The variability of the stable oxygen isotopes δ18O from Greenland ice cores is linked to changes in the general

climate and associated teleconnection patterns such as NAO or the Atlantic Multidecadal Oscillation (AMO) (Barlow et al.,

1993; Appenzeller et al., 1998; Vinther et al., 2003; Chylek et al., 2011). Some studies, though, have identified strong links

between Greenland δ18O variability and atmospheric weather regimes (Rimbu and Lohmann, 2010; Ortega et al., 2014) and

relationship with atmospheric blocking during boreal winter months (Rimbu et al., 2007, 2017, 2021). However, the isotopic45

signal recorded in the ice cores is affected by many different physical processes from large-scale to very local spatial scales

(Casado and Orsi, 2023). To reduce the effects of local phenomena on the variability of the δ18O , a possible solution is

to compile a stack of different ice cores. A stacked δ18O series is a combination of different δ18O ice cores measurements

obtained from different drilling campaigns and locations covering different time ranges. Stacking measurements from different

locations has the major advantage of averaging out different local processes affecting the δ18O variability (Holme et al., 2019).50

This allow not only to extend the temporal domain of the proxy but also to average out local process. Anyhow, the linkage

between the variability of the δ18O and the atmospheric circulation even at synoptic scale has been already addressed in the

literature (Ortega et al., 2014; Rimbu et al., 2021), but not put in the perspective of the frequency of occurrence of extreme

weather events.

The primary objective of this study is to investigate whether there is a physical linkage between the variability measured55

in the Northern Greenland Transect (NGT) stacked stable oxygen isotope δ18O (Hörhold et al., 2023) and the frequency of

occurrence of extreme weather events over Europe during the boreal winter months. Two periods are studied: observational

period (1920 - 2011) and long-term perspective period (1602-2003).
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The paper is structured as follows: Sect. 2 outlines the datasets and methods used for investigation the atmospheric circulation

and the associated extreme climate events, while Sect. 3 describes the results obtained for the observational and long-term60

perspective periods. Lastly, Sect. 4 summaries the results.

2 Data and methods

2.1 Data

The proxy used is the NGT stacked stable oxygen isotope record� 18O obtained from 21 ice cores drilled mainly from the 16

different locations in central and Northern Greenland overlapping on a common period (Hörhold et al., 2023). In particular,65

the stacking methodology adopted for computing the NGT stacked series is the average of� 18O from all different ice cores

considered (Hörhold et al., 2023). The NGT stacked� 18O series is provided as anomalies with respect to period1961� 1990.

The NGT stacked� 18O series is available from 1000 to 2011 with annual resolution. However, the series used in this study is

limited from the 1602 due to the paleoreanalysis dataset described in the last paragraph of this section. For more details on the

stacking method and data sources see Hörhold et al. (2023).70

The atmospheric circulation during boreal winter months (December, January and February; hereafter DJF) in the observa-

tional period(1920� 2011) is investigated using the third version of the 20th Century reanalysis (20CRv3) (Slivinski et al.,

2019), which provides daily data and a spatial resolution of1:0� � 1:0� . In particular, the atmospheric variables used in this

study are the geopotential height at500hPa, Z500, along with the zonalu and meridionalv components of the wind at the

same pressure level. The speci�c humidityq, the zonal, and meridional components of the wind at different pressure levels75

(300hPa to 1000hPa) are used to investigate the water vapor transported by the atmosphere. The pressure levels are limited

between 300hPa and 1000hPa because most water vapor is in the lower troposphere. In particular, the water vapor transport is

determined by the Integrated Vapor Transport (IVT) (Peixoto and Oort, 1992),
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whereg is the gravitational acceleration inm s� 2, u andv are the zonal and meridional components of the wind inm s� 1, q80

the speci�c humidity inkg kg� 1 anddp is the pressure difference between two adjacent pressure levels.

The extreme conditions regarding temperature and precipitation over Europe in boreal winters are assessed in the observa-

tional period using the E-OBS dataset (Cornes et al., 2018). In particular, two ETCCDI extreme indices are considered: TN10p

and PRCPTOT. The TN10p index is de�ned as the percentage of days when the minimum temperature is below the 10th per-

centile over a given period, while the PRCPTOT is the cumulated rainfall in days when at least 1mm of rainfall occurred. In85

the case of this study, the TN10p and PRCPTOP are computed for each single month DJF in the observational period. The

two extreme indices are computed using the Python package icclim (Aoun et al., 2024). A comparison is also made with the

20CRv3 dataset and a new dataset of reconstructed extreme indices named CRAI (Plésiat et al., 2024). The main goal of the

CRAI dataset is to reconstruct climate extreme indices, particularly for periods and regions with sparse observational data. This
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dataset uses a deep-learning algorithm that combines U-net architecture and partial convolutional layers (Kadow et al., 2020).90

This dataset is used in comparison with E-OBS to provide a more complete overview of extreme temperature and precipitation

conditions across Europe, considering the data sparsity present in some regions of the E-OBS dataset, especially in the period

1920-1950.

The Ensemble Kalman Filter (EKF) v2 Paleoreanalysis (Valler et al., 2022) is used to investigate atmospheric circulation

patterns, temperature and precipitation in the boreal winters in the long-term perspective period(1602� 2003). The EKF95

dataset has monthly time resolution and spatial resolution of1:85� � 1:85� . This data set provides an optimized combina-

tion of model outputs and paleoclimate reconstructions obtained by different proxies through data assimilation techniques. In

particular, the technique adopted in this dataset uses the ensemble-based Kalman �ltering to assimilate historical and instru-

mental measurements of temperature, precipitation and pressure together with paleoclimate records from tree-rings and corals.

The model used for modeling the atmosphere is the atmospheric-only module of the general circulation model ECHAM5.4100

(Roeckner et al., 2003). It is worth noting that prior 1850, the paleoclimate records from tree rings play a major role in this

paleoreanalysis dataset. Even though, the use of primarily tree rings may introduce some biases due to the different growth

rates for each species, tree line sampling, water availability (Bradley, 2015), the contribution from tree rings is mainly focused

in mid-latitude in summer time. Indeed, as stated in Valler et al. (2022), the climate reconstruction is mainly driven by the

model output. See Valler et al. (2022) for details on the data assimilation techniques and proxies adopted.105

2.2 Methods

The principal method of investigation in this paper is the composite map analysis (DelSole and Tippett, 2022). The aim of

the composite analysis is to identify relations between two physical variables during the occurrence of particular extreme

conditions in one of the two variables. In this case, we identify the years when the NGT stacked� 18O series exceeds two

threshold values considered extreme and then analyses the atmospheric variables to characterize the average atmospheric110

circulation during those years. The choice of these threshold values is a trade-off between capturing years when� 18O series

takes extreme values and having a congruous number of observations available to carry out the composite analysis. The two

threshold values chosen are� 1� , where� = ( n � 1)� 1 P n
i =1 (x i � �x)2 is the standard deviation and�x the average of the NGT

stacked� 18O seriesx i during the period considered, respectively. The values of the NGT stacked� 18O series exceeding these

two thresholds represent the 30% most extreme values and permit to have enough number of years to analyze. It follows that115

positive years are whenever the NGT stacked� 18O series assumes values larger than1� . Similarly, negative years are whenever

� 18O series is lower than the� 1� . Throughout the paper, the years where� 18O series takes values above (below) the thresholds

are named positive (negative) years. The standard deviation for both the observational and long-term periods is then calculated

and used to identify the positive and negative years of the NGT stacked� 18O series in each period.

To assess the presence of atmospheric blocking, the 1D-index (Tibaldi and Molteni, 1990), hereafter TM90, and the geopo-120

tential height modi�cation of the potential-vorticity-based 2D-index (Schwierz et al., 2004; Trevisiol et al., 2022), hereafter

S04, are computed with the Mid-Latitude Evaluation System (MiLES) software (Davini, 2019). A description of the modi�ed
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Figure 1. Ice cores locations (dots) and weather stations (diamonds) used in NGT Stacked ice cores(a). The detrended anomalies of NGT

stacked� 18 O series over the period1920� 2011 and1602� 2003 (b, c). The upward-pointing red triangles refer to years whenever the

� 18 O is above the threshold1� (pos. years) (� = standard deviation). Similarly, downward-pointing blue triangles refer to years below the

threshold� 1� (neg. years).

TM90 and S04 index is provided below as implemented in Davini (2019). For details on TM90 index, see Tibaldi and Molteni

(1990), and for details on S04 index, see Schwierz et al. (2004).

In the TM90 index, for each longitude� , the geopotential height gradientsGHGS andGHGN are computed as:125

GHGS(�; �) =
Z500(�; � 0) � Z500(�; � S)

� 0 � � S
; (2)

GHGN( �; �) =
Z500(�; � N ) � Z500(�; � 0)

� N � � 0
; (3)

where� N = 80 � N + � , � 0 = 60 + � , � S = 40 � N + � , and � = f� 5� ; � 2:5� ;0� ;2:5� ; 5� g. A longitude � is labeled as

blocked ifGHGS(�; �) > 0 andGHGS(�; �) < � 10m(� lat) � 1, for any values of� .

In the S04 index, for each grid point at longitude� and latitude� , from30� N to 75� N, the daily anomaly of the geopotential130

height is computed. A grid point is labeled as blocked if the geopotential height anomaly exceeds the 90th percentile of the

geopotentail heigth anomalies between50� N and80� N. In order to detect areas of large-scale blocking, further requirements

are needed. It is then required that the grid points must be blocked together, along with any grid points marked as blocked in a

box of 10 degrees longitude by 5 degrees latitude, for at least �ve days.
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To asses the effect of the large-scale atmospheric circulation on boreal winter temperature and precipitation in the long-term135

perspective, spatial index of the geopotential height at 500hPa, average temperature and precipitation are computed, weighting

each grid point by
p

cos(�) , where� is the latitude. The spatial indices are then standardized for a better comparison. A

probability density function is estimated using the non-parametric kernel estimator for identifying changes in the distribution.

To quantify those changes, the ratio between the probability density functions in the negative and positive years is computed.

Along with the probability density function, the 90% con�dence intervals are computed using the simple resampling with140

replacement bootstrap technique. The simple replacement can be used in this application because there is no serial correlation

between monthly data.

All daily atmospheric variables were averaged to derive their corresponding monthly values. A linear detrend is performed

by each month and each grid point to remove the trend and seasonality. The NGT stacked� 18O series has also been detrended,

but each single detrending has been carried out for the observational and long-term perspective periods.145

3 Results and discussion

The ice core locations forming the NGT stacked used for the analysis in both observational(1920� 2011) and long-term

perspective(1602� 2003)periods are shown in Fig. 1a. The� 18O time series in the observational period (Fig. 1b) shows one

main set of extremely consecutive positive years between1927and1932. This period of consecutive years, during which the

NGT stacked� 18O series remains well above 1h , is consistent with a change in large-scale atmospheric circulation and in150

relation to the NAO with Central and Southern Greenland ice cores (Hatvani et al., 2022; Schalamon et al., 2025). Consecutive

extreme positive years are also observed in the beginning of the 2000 and towards the end of the series, which is consistent

with the other warming period found in Greenland documented in Schalamon et al. (2025). The consecutive extreme negative

years are more evenly spread along the period, but mostly from 1980 onward. The� 18O series from a long-term perspective

period (Fig. 1c) exhibits a well spread succession of consecutive extreme positive and negative years, even though it is often155

observed at least two extreme consecutive years. See Table 1 for the list of extremely positive and negative years.

The two sets of positive and negative years presented in Table 1 were identi�ed by �rst linear detrending the NGT stacked

� 18O time series over both the observational and long-term perspective periods and then selecting the years exceeding the the

two thresholds presented above (+1 � ; � 1� ). Detrending the NGT stacked� 18O time series separately for these periods may

lead to different threshold values, which could result in different identi�cation of positive and negative years. However, the160

similarity between the two sets suggests that detrending over these distinct periods has little impact on the positive and negative

years identi�cation. Furthermore, the linear detrending does not affect much the main pattern (results not shown).

A few considerations are presented regarding the suitability of applying a linear detrending to both the observational and

long-term perspective series. Hörhold et al. (2023) identi�ed a negative linear trend in the NGT stacked series from its begin-

ning until approximately 1800, followed by a positive trend extending to 2013. This pattern suggests that a piecewise linear165

detrending may be appropriate. However, when a simple linear regression model is �tted to the overlapping period between

1603 and 1800, which corresponds to the interval of the negative trend reported by Hörhold et al. (2023) and the long-term per-
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Period Type Sub-period Year

Observational(1902� 2011) pos. years 1920� 2011 1927-32, 1939, 1998, 2000-02, 2008-11

neg. years 1920� 2011 1921, 1943, 1948, 1980-83, 1991-92, 1995-96, 2006

Long-perspective(1602� 2003)

pos. years

1602� 1699 1603-04, 1614-19, 1626, 1628, 1630, 1642, 1664

1700� 1799 1702, 1713, 1729-31, 1763, 1769, 1770-75, 1785, 1786, 1791

1800� 1899 1804-05, 1871, 1874-93

1900� 2003 1927-33, 1939, 1959, 1966, 1993, 1998-99, 2000-02

neg. years

1600� 1699 1634, 1676, 1677, 1680, 1693-96

1700� 1799 1719-22, 1744-45, 1779, 1796, 1797, 1798, 1799, 1800

1800� 1899 1800, 1809, 1813-19, 1832-36, 1861-62, 1865-68, 1884, 1897

1900� 2003 1905, 1917-18, 1921, 1943-44, 1948-49, 1980, 1982-83, 1991-92, 1995-96

Table 1.List of all the positive (pos.) and negative (neg.) years in the observational(1902� 2011)and long-term perspective(1602� 2003)

periods whenever� 18 O is above and below the� 1� threshold (� = standard deviation).

spective period in this study, a statistically signi�cant positive trend is obtained (results not shown). Nevertheless, a piecewise

linear detrending was applied to the NGT stacked� 18O series from 1602 to 2003 using the data-driven approach developed by

Jekel and Venter (2019). Two positive trends with different slopes were detected: the �rst from 1602 to 1995 and the second170

from 1995 to 2003. A comparison between the years identi�ed using linear and piecewise detrending was then performed.

Under linear detrending, 56 years of the detrended NGT stacked� 18O series are below the� 1� threshold, whereas under

piecewise detrending, 57 years are below this threshold, with 53 years in common. Given the substantial overlap, linear de-

trending is considered suitable for the long-term perspective period. For the observational period, the use of linear detrending

is already justi�ed by the �ndings of Hörhold et al. (2023).175

3.1 Observational period(1920 � 2011)

The �rst noticeable aspect is that the average atmospheric circulation over Europe during positive years shows no well-de�ned

anomaly pattern (Fig. 2a), whereas during negative years, a more pronounced pattern emerges (Fig. 2b). The average pattern

in negative years features a high-pressure system extending from the Azores Islands to the Baltic Sea and low-pressure system

over Greenland. The atmospheric circulation pattern in the negative years resembles the atmospheric circulation in the positive180

phase of NAO. Before discussing the relationship between the high-pressure system over Europe in the negative years and NAO,

additional analyses focusing on this high-pressure system are conducted from a more dynamical perspective, particularly in

relation to atmospheric blocking.

To assess whether the high-pressure system over Europe is a sign of atmospheric blocking, a 1D and a 2D blocking index are

used. The TM90 and S04 indices associated with negative� 18O years show an increase in frequency of atmospheric blocking185
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Figure 2. The composite maps of the detrended anomalies of the geopotential height (shaded) and the wind (vector) at 500hPa (Z500) in

DJF on the positive(a) and negative years(b) of the NGT stacked ice core record for the observational period(1920� 2011).

occurring over Europe (Fig. 3a) compared to positive years. Speci�cally, the TM90 index indicates an increase of blocking

frequency at around60� N and between10� W and35� E, with its peak around15� � 25� E. The S04 index (Fig. 3b) permits

also to analyze the spatial pattern of the atmospheric blocking, which matches the extent of the high-pressure system (Fig. 2b).

It corroborates an increase of blocking around the same region, the Baltic Sea.

The variability of � 18O found in Greenland ice cores is affected by the NAO (Appenzeller et al., 1998; Vinther et al.,190

2003) and the dipole structure in the geopotential height observed during the negative years (Fig. 2b) resembles the pattern

typically associated with the positive phase of the NAO. However, two aspects should be considered before classifying such

an atmospheric circulation pattern as the NAO in the positive phase. First, the atmospheric con�guration during the positive

NAO phase depicts a high-pressure system located over the Azores islands (e.g. Wallace and Gutzler, 1981), whereas the

pattern illustrated in Fig. 2a exhibits a broader spatial extent over continental Europe. Moreover, Yao and Luo (2018) presented195

evidence that different stages of the NAO are associated with varying occurrences of atmospheric blocking over Europe. In

particular, the high-pressure system observed during the negative years in the NGT stacked� 18O ice cores (Fig. 3b) presents

similar southwest/northeast direction of blocking occurrence during the decaying phase of the positive phase of NAO (Yao

and Luo, 2018). Second, as discussed before, in Weißbach et al. (2016) the northern Greenland ice cores are found to be less

affected by the NAO compared to central and southern Greenland ice cores due to their high-latitude location and topography.200

In conclusion, it is complex to classify the dipole structure in the geopotential height observed during the negative years of the

NGT stacked� 18O series (Fig. 2b) as a pure atmospheric con�guration of the positive phase of NAO.

Years characterized by particularly low� 18O values in NGT stacked series are associated with an increased frequency of

atmospheric blocking events that prevent water vapor from reaching Greenland. Such blocking events favor the development of

extreme events (e.g.: Rex, 1950; Kautz et al., 2022). Their frequency is approximately four times higher than in years showing205

positive� 18O values. The relationship between negative� 18O years and the occurrence of atmospheric blocking events has

8



Figure 3. Detrended monthly averaged Tibaldi and Molteni (1990)(a) and Schwierz et al. (2004)(b) atmospheric blocking indices on the

winter season (DJF) in the negative years the NGT stacked ice core record for the period1920� 2011.

been tested by selecting the years with extreme low values of NGT stacked� 18O and assessing the frequency of occurrence of

atmospheric blocking events. This relationship is further examined by analyzing the distribution of NGT stacked� 18O series

during years with increase and reduced atmospheric blocking events. Years in which the TM90 atmospheric blocking index

exceeds+1 � (� 1� ), where� represents the standard deviation of atmospheric blocking frequency, and at least for 12 degrees210

longitude between10� W and20� E are marked as years with increased (reduced) blocking events. The distribution of� 18O

during blocking events exhibits a shift in the mean and a skew toward negative values, supporting the proposed linkage (Fig.

A1).

Consequently, the relationship between negative� 18O values and atmospheric blocking is supported by the presented evi-

dence, which demonstrates a physical connection between� 18O variability and changes in atmospheric circulation that may215

contribute to an increased frequency of extreme events. For these reasons, the subsequent analyses investigate the in�uence of

such atmospheric blocking structures on temperature and precipitation over Europe during negative� 18O years.

The increase of frequency of atmospheric blocking over Europe entails a change in the regional pattern of temperature and

precipitation (Fig. 4). The position and spatial extent of atmospheric blocking facilitate the poleward transport of warm, moist

air from the Atlantic Ocean (Fig. 4a-b) toward the Norwegian coast, leading to higher temperatures (Fig. 4c) and increased220

precipitation (Fig. 4d). The temperature increase results from warm-air advection, while the precipitation increase is driven by

heat loss and the orographic uplift of these relatively warm air masses, which boosts condensation and precipitation formation.

The subsequent warming in Sweden (Fig. 4c) is attributed to adiabatic compression of the now dry air masses, a process

associated with föhn winds.

Concurrently, the atmospheric blocking also facilitate advection of cold air masses from the Nordic region toward mid-225

latitudes, which leads to colder and drier conditions over southern Europe (Fig. 4c-d). As a result, temperatures drop in western

Turkey, Greece, and, to a lesser extent, in southern Italy and the Iberian Peninsula. Additionally, moist air masses from the

Atlantic, which would typically in�uence southern Europe, are diverted toward Scandinavia, reducing precipitation in this
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Figure 4. The composite maps of the detrended monthly anomalies of the geopotential height (shaded) at 500 hPa (Z500) and the wind (vec-

tor) at 500hPa(a), detrended warm nights index TN10p(b), detrended integrated vapor transport (IVT)(c), and detrended total precipitation

index PRCPTOT(d) on the winter season (DJF) in the negative years the NGT stacked ice core record for the period1920� 2011.

region. Furthermore, central Europe shows a pattern of increased temperature and precipitation. This is likely due to a portion

of Atlantic air masses reaching the region, contributing to both warming and wetter conditions.230

It is also worth noting that the spatial distribution of TN10p over Scandinavia appears irregular. This irregularity is likely

a result of the sparse coverage of the E-OBS dataset before 1950, which affects the computation of temperature indices and

leads to irregularities in the observed spatial patterns. On this purpose, the same analysis is carried out using CRAI dataset

for TN10p, which shows consistent results with the results obtained using E-OBS dataset. Therefore, the sparsity of E-OBS

before 1950 does not affect much the spatial patterns of temperature (Fig. A2). Similarly, the same plot is carried out with the235

20CRv3 dataset (Fig. A3) that show similar patterns obtained using the CRAI dataset.
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Figure 5. The composite maps of the detrended monthly anomalies of the geopotential height (shaded) at 500 hPa (Z500) and the wind

(vector) at 250hPa(a), detrended 2-meter temperature(b), and detrended total precipitation(d) on the winter season (DJF) in the negative

years the NGT stacked ice core record for the period1602� 2003.

3.2 Long-term period (1602 � 2003)

The atmospheric circulation in the negative years during the long-perspective period (Fig. 5a) follows closely the atmospheric

circulation in the negative years of the observational period (Fig. 2b). The high-pressure system is present over Europe and in

particular over the northern France and southern Great Britain. The particular circular shape of the high-pressure system has to240

be ascribed on average conditions as discussed in the previous section. In this case, the presence of the atmospheric blocking

is not possible to assess by computing atmospheric blocking indices since the EKF dataset provides only monthly data, and
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therefore, the TM90 and S04 indices cannot be computed. On the other hand, the association between high-pressure patterns

and the increased frequency of synoptic-scale blocking circulation has been demonstrated by Yiou and Nogaj (2004).

The physical explanation outlined in the previous section for the observational period aligns well with the effect of the245

atmospheric blocking on temperature and precipitation over Europe observed in the long-term perspective period. In particular,

it is observed a rise in temperature and increase in precipitation in Norwegian coastal areas due to atmospheric transport

of moist and relative warmer air masses. On the contrary, in southern Europe a decrease in precipitation due redirection of

the moist air masses toward the Nordic regions and a decrease in temperature due to cold advection of Nordic air masses is

observed as well. The observed patterns in temperature and precipitation in the long-term perspective (Fig. 5a and b) result to250

show more homogeneous patterns than the observational period due to the use, in this case, of a reanalysis product.

Even if the geopotential height anomalies associated with the high-pressure system over Europe and the low-pressure system

(see Fig. A4a) differ statistically from zero, the main effects of the high-pressure system on temperature and precipitation are

not. The consistency of the results between the observational and long-term perspective periods and the statistical signi�cance

of the geopotential height pattern suggests a non-signi�cant shift in the mean.255

To further investigate whether the observed atmospheric blocking affects temperature and precipitation, the distribution of

weighted averages of temperature and precipitation in the following selected grid boxes

(i) “central Europe” for the geopotential height (38� � 55� N and5� W � 20� E);

(ii) “Baltic region” for temperature (50� � 64� N and7� � 23� E);

(iii) “Scandinavia” for precipitation (60� � 70� N and7� � 30� E);260

(iv) “southern Europe” for precipitation (35� � 50� N and10� W � 50� E).

are estimated using the method of Kernel Density Estimation (KDE).

The distribution of the indices derived from these four boxes corroborate the hypothesis of a change in the distribution of the

temperature and precipitation (Fig. 6). The geopotential height index over the central Europe region during negative years is

not only statistically different from zero but also presents positive anomalies ranging from+1 � to +2 � . These anomalies occur265

between 52% and 93% more frequently than in the distribution of positive years, with peaks reaching 120% around+1 :5�

(Fig. 6a). The temperature index over the Baltic region indicates warmer conditions from+1 � , occurring approximately 15%

more often than during positive years and increasing up to 58% around+1 :5� , although the signal appears visually less

pronounced (Fig. 6c). In contrast, the precipitation index over Scandinavia shows a clear shift toward heavier rainfall between

+0 :5� and+1 :5� , with frequencies increasing from about 15% to 38%, and peaks reaching 70% around+1 � , compared270

with positive years. Similarly, the precipitation index over southern Europe reveals drier conditions from� 0:5� to � 2� , with

increases of 20% to 42% and a peak of 75% around� 1:5� , relative to positive years. The changes in the precipitation index

distributions over Scandinavia and southern Europe are statistically signi�cant compared with their corresponding distributions

during positive years.
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Figure 6.Probability density functions of the standardized monthly �eld average for the following atmospheric variables: geopotential height

at 500 hPa (Z500)(a), 2-meter temperature over the selected box(b), and precipitation(c, d)). All indices are calculated for winter (DJF)

during the negative years of the NGT-stacked ice core� 18 O record, covering the period 1602–2003. The shaded bands represent the 90%

con�dence intervals. The corresponding analysis boxes are shown with solid red lines in the upper-right map of each panel. See the main text

for the coordinates used for the NGT-stacked ice record.
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