
Science of the Total Environment 846 (2022) 157537

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Influence of atmospheric patterns on soil moisture dynamics in Europe
Laura Almendra-Martín a,⁎, José Martínez-Fernández a, María Piles b, Ángel González-Zamora a,
Pilar Benito-Verdugo a, Jaime Gaona a
a Instituto de Investigación en Agrobiotecnología, CIALE, Universidad de Salamanca, Villamayor 37185, Salamanca, Spain
b Image Processing Laboratory, Universitat de València, 46980 València, Spain
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author.
E-mail address: lauraalmendra@usal.es (L. Almendra-Ma

http://dx.doi.org/10.1016/j.scitotenv.2022.157537
Received 21 March 2022; Received in revised form 1
Available online 22 July 2022
0048-9697/© 2022 The Authors. Published by Elsevi
• The influence of atmospheric patterns on
SM dynamics in Europe is analysed.

• A correlation analysis shows a uniform re-
sponse of SM to NAO and AO, mostly in-
verse.

• Causal relations between NAO, AO, ENSO
and SM are revealed with the PCMCI
method.

• A general one-to-two month lagged re-
sponse of SM to atmospheric patterns
was found.
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Soil moisture (SM) plays a key role in the water cycle, and its variability is intimately linked to coupled land-
atmosphere processes. Having a good knowledge of soil-atmospheric interactions is thus essential to assess the impact
of climate change on SM; however,many aspects of howwater and energy exchanges occur in the soil-atmosphere con-
tinuum are still uncertain. In particular, it is known that atmospheric circulation patterns influence climate conditions
over Europe but their impact on SM has only rarely been studied. This study provides insight into how atmospheric
patterns influence soil moisture dynamics in Europe, where an increase in temperature and agricultural droughts
are expected as an impact of climate change. To do so, we analysed the influence of the North Atlantic Oscillation
(NAO), the Arctic Oscillation (AO), and the El Niño Southern Oscillation (ENSO) on European SM, including lagged
responses, for the period 1991–2020 at a monthly scale. Two methods have been used: a lagged correlation analysis
and a more sophisticated causality approach using the PCMCI (PC method combined with the momentary conditional
independence (MCI) test). SM series from two different databases were considered: the hydrological model LISFLOOD
and the reanalysis dataset ERA5-Land. The results from the correlation analysis showed a significant, predominantly
negative relationships of SM with NAO and AO over almost all of Europe and no significant relation with ENSO.
With the causality analysis, similar patterns are obtained for NAO and AO; however, the PCMCI analysis revealed
clear patterns of ENSO influencing SM with a delayed response of one-to-two months in central and northwest
Europe. The results obtained in this work highlight that there are causal relations between the main modes of
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interannual climate oscillations and SM variations in Europe, underlining the importance of accounting for global
atmospheric circulations to study current changes in regional soil water-related processes.
1. Introduction

The study of climate change impacts on different environmental sys-
tems has motivated many works, especially on water-related systems
(Arnell, 1999;Middelkoop et al., 2001). Soilmoisture (SM) is a key variable
involved in many climatic, geophysical and biological processes, so moni-
toring its dynamics and understanding its (causal) relations in these pro-
cesses are crucial. In addition, SM plays a very important role in the
hydrological cycle, as it modulates the water and energy exchanges within
soil–atmosphere systems (Seneviratne et al., 2010). Thus, knowledge of the
evolution of this variable can help to better understand the impact of
climate change in these systems. SM dynamics and factors that influence
its variability have been widely analysed from different perspectives
(Daly and Porporato, 2005; Dorigo et al., 2012; Entekhabi et al., 1996;
Martínez-Fernández et al., 2021; Piles et al., 2019). However, some issues
about soil–atmosphere interactions are still uncertain (Boé, 2013).

It is well-known that different atmospheric circulation patterns highly
influence climate conditions across the globe (Hurrell and Van Loon,
1997; Lau and Yang, 2003). In particular, several teleconnection patterns
dominate European climate variability (Hurrell, 1995; Thompson and
Wallace, 1998). Thus, changes in atmospheric circulation can be related
to changes in several climatic variables and the increase in extreme events
during recent decades over this continent (Horton et al., 2015; Kostopoulou
and Jones, 2007; Kyselý, 2007; Moberg and Jones, 2005). The dominant
modes of climate variability in the Northern Hemisphere are the North
Atlantic Oscillation (NAO) and the Arctic Oscillation (AO) (Simpkins,
2021). However, some other patterns also induce changes in European
climate conditions, such as the El Niño Southern Oscillation (ENSO)
(Fraedrich and Müller, 1992), the East Atlantic (EA) (Bastos et al., 2016)
and the Scandinavian Pattern (SCAND) (Casanueva et al., 2014). They
induce changes in precipitation and temperature (Hurrell et al., 2001;
Ionita et al., 2020; Scaife et al., 2008; Toreti et al., 2010; Trigo et al.,
2002) and, consequently, in related processes such as river flow (deCastro
et al., 2006; Su et al., 2018) and vegetation growth (D'Odorico et al.,
2002; Gordo and Sanz, 2010).

One of the most disturbing natural hazards is droughts, as they exert a
great impact on human activities. They are complex phenomena influenced
by several factors but they always have an atmospheric inception (Vicente-
Serrano et al., 2011), hence understanding the atmospheric influence on
droughts is crucial since it could help mitigating their damage spread. In
this context, several works have focused on studying the influence of
atmospheric circulation patterns on meteorological droughts in Europe
(Ionita et al., 2015; Schubert et al., 2016; Vicente-Serrano et al., 2011).
However, agricultural drought, defined by the SM deficit, represents a
more direct and immediate impact (Almendra-Martín et al., 2021; Salvia
et al., 2021; Sánchez et al., 2018); thus, as a highly meaningful topic, this
work focuses on exploring the influence that atmospheric fluctuation
patterns exert on SM.

In the past, little attention has been given to the effect that some atmo-
spheric patterns exert on SM, mainly because of the scarcity of long-term
spatially continuous data series (De Luca et al., 2020; Wang et al., 2011).
Diverse works have modelled SM data in certain regions to perform this
kind of analysis (Kurnik et al., 2015; Sheffield and Wood, 2008) or analyse
the drivers of this variable to relate their dynamics (Hassan and Nayak,
2020; Ionita et al., 2015; Mühlbauer et al., 2016). Remote sensing data-
bases have also been used to analyse this relationship. However, in such
works, short study periods of only a few years were used (Bueso et al.,
2020a; Piles et al., 2019) since available data are relatively recent
and thus limited in time. Thus, the need for accurate long-term spatiotem-
porally continuous SM databases is highlighted to achieve rigorous
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assessments of climate change impacts (Thorne et al., 2018). Currently,
there are SM databases available from modelling and reanalysis suitable
for this type of analysis (Beck et al., 2020; Miralles et al., 2014).

Although relationships between atmospheric circulation patterns and
general dryness or wetness conditions have been established in Europe,
most are based on atmospheric teleconnections (Brönnimann, 2007;
Hurrell et al., 2001). Furthermore, it is assumed that these relationships
explain the variability of the different studied variables, but their causal
relationships have rarely been analysed (Runge et al., 2019a). A causal
relationship was found between ENSO, AO and NAO, and the streamflow
of >30 % of the rivers in Europe (Su et al., 2018). Furthermore, in some
regions, causality studies showed additional relationships between ENSO
and climatic variables that were not detected with correlation analysis
(Silva et al., 2021). Several methods have been proposed in the literature
to study causality but are still rarely applied in Earth system science
(Runge et al., 2019a).

Understanding the influence that atmospheric patterns exert on SM
dynamics is key to assessing the impact of climate change on this variable
and, therefore, on issues such as the occurrence of agricultural drought or
groundwater recharge. This interest is highlighted in Europe, as the
predicted changes in climatic conditions suggest an increase in temperature
over all continents (Christensen et al., 2013), which can lead to an intensi-
fication of hydrological extremes such as floods (Dankers and Feyen, 2008)
or agricultural droughts (Grillakis, 2019). Thus, the main objective of this
work is to provide further knowledge of how SM responds to the main
atmospheric patterns in Europe. The two atmospheric circulation patterns
dominant in the Northern Hemisphere, the NAO and AO (Simpkins,
2021), and the phenomenon with more impact on global climate, ENSO
(Brönnimann, 2007), were considered in this work. Two SM databases
were used, for the period 1991–2020.We studied both the lagged influence
that atmospheric patterns exert on SMand causation, i.e., whether there is a
causal relationship between the climate modes and SM time series at a
monthly time scale.
2. Methods and dataset

2.1. Soil moisture databases

Two SM databases were considered in this study, one from the ERA5-
Land reanalysis (Muñoz-Sabater et al., 2021) and the other from the
LISFLOOD hydrological model (van der Knijff et al., 2010). Both databases
have been widely used for different purposes, such as flood forecasting
(Wanders et al., 2014), growth vegetation studies (González-Zamora
et al., 2021) and trend detection (Almendra-Martín et al., 2021). The re-
analysis database used in this study is the ERA5-Land (hereafter, ERA5L)
from the European Centre for Medium-Range Weather Forecasts
(ECMWF). It provides a global series of different land variables. These series
are given on a regular grid of 0.1° with hourly time resolution from 1981 to
the present (Muñoz-Sabater et al., 2021). As the surface SM is more demon-
strative of the soil-atmosphere coupling (Santanello et al., 2011), only the
first layer of the product, comprising the soil top 7 cm, was used. The
second database used was the hydrological rainfall-runoff model
LISFLOOD (hereafter, LF), developed by the Natural Hazards Project of
the Joint Research Centre (JRC) of the European Commission (van der
Knijff et al., 2010). It provides SMdata over Europewith a spatial resolution
of 5×5 km every 6 h from 1991 to the present (De Roo et al., 2000). These
data are estimated for 3 depth layers, but for this study, only the surface
layer (5 cm) was considered. In addition, this database has been rescaled
to the ERA5L grid so that the study results are comparable.
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Both databases have been validated in previous works, obtaining good
results (Laguardia and Niemeyer, 2008; Muñoz-Sabater et al., 2021). How-
ever, in certain regions, the accuracy of their products is compromised due
to constraints when estimating SM in areas with, for example, heteroge-
neous topography and permanent or seasonal ice cover (Laguardia and
Niemeyer, 2008; Li et al., 2020). To gain a robust understanding of the
similarity of these databases, a comparison was first performed between
the LF and ERA5L SM products (Fig. 1a). Good correlation was generally
obtained between the two except in regions where the products show
lower precision, such as high latitudes or great mountain ranges
(Laguardia and Niemeyer, 2008; Li et al., 2020). Due to the great differ-
ences observed between products in these areas and the consequent uncer-
tainty, we decided to exclude them from this study; pixels showing
correlation values lower than 0.5 were not considered (Fig. 1b). Similar
thresholds have been used in other studies to ensure consistency in SM
products and lower uncertainty (Preimesberger et al., 2021). Once these
areas were masked, the SM time series were averaged to obtain monthly
values for the study period, 1991–2020. Then, anomalies were computed
for each pixel by subtracting the monthly mean calculated using the entire
period of study.

2.2. Teleconnection indices

The influence of three different atmospheric patterns on SM dynamics
was studied, namely, the NAO, AO and ENSO.

The NAO refers to a circulation of atmospheric mass over the North
Atlantic Ocean. It is typically monitored with the NAO index, defined as
standardized differences in the surface sea-level pressure between both
poles from the dipole Icelandic Low - Azores High (Hurrell et al., 2003). It
entails a relevant source of interannual variability in the atmospheric circu-
lation (Walker and Bliss, 1932) and exerts a great impact on climate condi-
tions over most of the Northern Hemisphere, mainly in North America and
Europe (Casanueva et al., 2014; Hurrell et al., 2001; Scaife et al., 2008;
Trigo et al., 2002;Wang et al., 2012),modulating patterns inwind, temper-
ature and precipitation throughout the seasons but especially during boreal
winter (Bastos et al., 2016). A positive phase of NAO is defined when low-
and high-pressure anomalies exist over Iceland andAzores pressure centres,
respectively (Visbeck et al., 2001). The pressure gradient over the North
Atlantic during this phase is large, and an increase in west winds at midlat-
itudes is observed (Hurrell, 1995). This leads to colder and drier conditions
in the Northwest Atlantic and Mediterranean regions and warmer and
wetter conditions in northern Europe and the eastern United States
(Visbeck et al., 2001). Conversely, a negative phase is defined by high-
Fig. 1. (a) Pearson correlation coefficient between the LF and
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and low-pressure anomalies in Iceland and Azores, respectively, and leads
to opposite climatic conditions. The NAO index has a high interseasonal
variability; however, positive and negative phases can last several months
(Wang et al., 2010).

The AO is defined as a fluctuation of atmospheric pressure involving an
exchange of atmospheric mass between the Arctic and middle latitudes of
the Northern Hemisphere (Thompson and Wallace, 1998). The AO index re-
fers to the first empirical orthogonal function (EOF) of the atmospheric pres-
sure anomalies between 20°N and 90°N latitudes (Thompson and Wallace,
1998). Similar to the NAO, it influences the climate conditions over most of
the Northern Hemisphere, and both indices are highly correlated (Wanner
et al., 2001). Two phases are also distinguished: positive and negative
(Hanna et al., 2015). During AO positive phases, lower atmospheric pressure
anomalies over the Arctic and higher atmospheric pressure anomalies over
the northern Pacific and Atlantic Oceans are observed. The mid-latitudes jet
stream is located further north, steering ocean storms northwards (Lindsey,
2009). Thus, wetter and colder conditions occur in Alaska, Scotland, and
Scandinavia, and drier and warmer conditions occur in North America,
Europe, Siberia, and East Asia (Daoyi and Shaowu, 2003). The opposite con-
ditions are seen during the AO negative phase.

ENSO refers to a coupled mode of the ocean-atmosphere defined by
periodic fluctuations in sea surface temperature (SST) and atmospheric
circulation along the equator of the Pacific Ocean (McPhaden et al.,
2006). It is the dominant mode of interannual climate variability on Earth
(Brönnimann, 2007), as it directly or indirectly affects weather conditions
over many regions of the planet. There are different ways of monitoring
ENSO, depending on whether the atmospheric or the oceanic component
is measured. On the one hand, the atmospheric part is measured by the
Southern Oscillation index (SOI), a standardized index based on the differ-
ence between the sea level pressure at the Tahiti and Darwin, Australia
(Ropelewski and Jones, 1987). For monitoring the oceanic component,
SST is averaged over specific regions; thus, different indices and thresholds
for ENSO are defined (L'Heureux et al., 2019). The NOAA CPC uses the
Niño 3.4 region to define warm (El Niño) or cold (La Niña) events. This
region comprises from 5°N–5°S to 120°–170°W, near the warm pool of the
Pacific and main centres of convection (Trenberth, 1997). During El Niño
events, SST anomalies above 0.5 °C are present in this region; thus, the
ocean surface in the central and eastern tropical Pacific Ocean becomes
warmer. Rainfall decreases over Indonesia and increases over the tropical
Pacific (L'Heureux, 2014). Conversely, during La Niña events, SST anoma-
lies below −0.5 °C are present. Easterly winds along the equator become
stronger, and rainfall increases over Indonesia and decreases over the
central tropical Pacific Ocean (L'Heureux, 2014). When the SST anomalies
ERA5L SM series. (b) Mask applied to the SM products.
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are between the upper and lower thresholds, ENSO is considered to be in
the neutral phase.

This study used the monthly NAO, AO and Niño 3.4 teleconnection
indices time series from the NOAA CPC [https://www.cpc.ncep.noaa.gov]
for 1991–2020 (Fig. 2).

2.3. Lagged-correlation and causality analysis

Correlation analysis is the most commonly used tool to study
teleconnections (Anderson et al., 2017; Comas-Bru and McDermott, 2014;
deCastro et al., 2006; Scaife et al., 2008). This analysis provides information
about the strength of the relationship between two variables and whether it
is direct (positive) or indirect (negative). The correlation between atmo-
spheric patterns and SM could have a lagged effect due to decoupling
between soil–atmosphere systems even at themonthly scale. For this reason,
Fig. 2. Time series of (a) NAO, (b) AO and (c) Niño
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in this study, a lagged correlation analysis was carried out by computing
the Pearson correlation coefficient between teleconnection indices and
SM anomaly series (Benesty et al., 2009). The significance level was set at
p < 0.05. This correlation analysis was computed iteratively introducing a
lag (τ) from 0 to 6months. Li et al. (2022) studied up to a 2-year lag between
several teleconnection patterns and terrestrial water storage and observed
an approximately 5-month lag for most surface components. However, in
this study, a lagged effect of teleconnection indices on SM was considered
for up to 6 months, as in similar studies (Runge et al., 2019b; Silva et al.,
2021; van Oldenborgh et al., 2000). Once the 7 R values were obtained for
each pixel, the maximum absolute value of R (Rmax) was obtained, consider-
ing only those with statistical significance. In this way, a significant Rmax for
a given τ can be obtained for each pixel. This kind of analysis has been
widely used to study lagged effects between decoupled variables (Peng
et al., 2019; Xie et al., 2020).
3.4 indices for the study period (1991–2020).

https://www.cpc.ncep.noaa.gov
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Although lagged correlation can be a suitable tool for this kind of study,
the presence of correlation between variables does not have to imply causa-
tion (Runge et al., 2019a). Additionally, note that Pearson correlation only
captures linear relationships. Causal discovery consists of estimating the
causal parents from a given time series data, meaning statistically signifi-
cant causal dependencies, their strength and lag (Runge et al., 2019b).
Identifying causal relationships between NAO, AO, ENSO and SM can
help to better understand soil–atmosphere system dynamics. The Granger
causality method (Granger, 1969) has probably been the most widely
used approach to study causal effects on Earth dynamical systems (Bueso
et al., 2020b; Gupta and Jain, 2021; Kodra et al., 2011; Morata-Dolz
et al., 2020; Zolghadr-Asli et al., 2021). However, Runge et al. (2019b)
recently proposed a causality method with significantly higher detection
power than previous methods. This method is called PCMCI since it
combines the PC method (named after its creators Peter and Clark) and
the momentary conditional independence (MCI) test and enables identifi-
cation of both the existence of causal links and their strength (Runge
et al., 2019a). The PC method (Spirtes and Glymour, 1991) estimates the
causal parents from a series. This method uses a free parameter, the signif-
icance level αPC, to encompass the inclusion of both causal parents with a
high probability and some false-positive links (Runge et al., 2019b).
Then, the MCI test can remove irrelevant conditions even for highly
autocorrelated data (Runge et al., 2019b). Both the PC and the MCI can
be implemented with different conditional independence tests. In addition,
to estimate time-lagged causal links, another free parameter must be cho-
sen, the maximum time delay τmax (Runge et al., 2019b). To implement
this method, the Python package Tigramite v4.2 (Kretschmer et al., 2018;
Nowack et al., 2020; Runge et al., 2019b) was used with the PCMCI and
the partial correlation conditional independence test. The resulting coeffi-
cient obtained by this test, ranging between −1 and 1, represents the
strength of the link. In this study, the free parameter αPC, that ranges
between 0 and 1, was chosen to be optimized for every pixel, and
the time-lagged links were considered up to the previous 6 months; thus,
τmax was set to 6. The causal links were computed considering the
teleconnection indices independently together with the SM anomaly time
series for each pixel. The strength of links (climate index→ SM) and their
Fig. 3. Results of the lagged correlation analysis between the ERA5L SM and teleconnect
months in which these maxima occur. The area without statistical significance (n.s., p <
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significance (set to p < 0.05) were tracked and, for the lagged correlation
analysis, the strongest significative causal links and the associated month
were recorded for each pixel.

3. Results and discussion

3.1. Correlation analysis

The correlation between SM and teleconnection indices was calculated,
and only R values with statistical significance (p < 0.05) were considered.
The results obtained with the ERA5L database (Fig. 3) showed an extensive
significant relationship between SM anomalies and the NAO and AO
indices over Europe. In addition, this relationship was, in general, negative,
which means that drier soil conditions are given during positive phases of
both NAO and AO, while wetter conditions are given during negative
phases. As expected, the results obtained with both indices were quite
similar, since they are highly linked patterns (Mares et al., 2002). However,
there were exceptions. Direct relationships were observedwith AO in some
regions, such as the British Isles, south of Finland and the north coast of
France, Netherlands and Germany, which are indirect withNAO. The oppo-
site occurred in southern France and the northern coast of Spain, where
direct relationships were obtained with NAO and indirect relationships
were obtained with AO. In contrast to Tabari and Willems (2018), who
reported a stronger influence of NAO in European precipitation than with
AO, we obtained that, for SM, the strongest correlations are with AO,
with R values over or around −0.3 in the Iberian Peninsula, northern
Italy, the Great Hungarian Plain and the Black Sea coast. The NAO showed
a more uniform pattern in the area of study with similar correlation values,
between −0.2 and −0.3, and very few regions with direct relationships,
mostly concentrated in areas of Scotland, around the Pyrenees, Italy and
the Balkans. The positive correlation over southern France was consistent
with those observed by Boé (2013). These results showed discrepancies
with other studies, which detected a relationship between positive phases
of NAO and wetness conditions in parts of central and northern Europe in
winter (Schubert et al., 2016; Sheffield and Wood, 2008; van der Schrier
et al., 2006) when NAO shows more influence on European climate.
ion indices. The maps above show the maximum R-value and those below the lag in
0.05) is in grey.
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However, in summer, NAO exerts a great impact on northern Europe (Bladé
et al., 2012) with an increase in temperature (Folland et al., 2009) and
reduced precipitation during positive phases (Allan and Zveryaev, 2011),
which agrees with the negative correlations we obtainedwith SM. The neg-
ative correlation we obtained in southern Europe is in line with the results
of previous studies focused on the meteorological drought response in
Mediterranean areas (Kim and Raible, 2021; Mariotti and Dell'Aquila,
2012; Sheffield and Wood, 2008; Vicente-Serrano et al., 2011).

The results obtained with the LF database for AO and NAO were similar
(Fig. 4), although fewer significant correlation coefficients were observed. In-
terestingly, stronger correlation values were obtained with AO mainly in
Mediterranean regions, with R values below−0.3. These results are aligned
with those obtained by Hassan and Nayak (2020), who related the positive
phases of AO with the appearance of droughts in the Mediterranean region.

Regarding the relationship of ENSOwith both SM databases, only a few
areas showed a significant correlation (Figs. 3–4). These results can be
explained by the fact that atmospheric changes in the El Niño region must
be strong enough for this impact to be reflected in Europe (Brönnimann,
2007), and during our study period, only two strong El Niño events
(1997–1998 and 2015–2016; Fig. 2c) and no strong La Niña event occurred
(Hardiman et al., 2019). Similarly, a previous study did not observe a signif-
icant relationship betweenmodelled SM and the Southern Oscillation Index
(SOI) in Europe for a similar period (Miralles et al., 2014). With ERA5L,
indirect significant correlations were obtained in central Europe with R
values between −0.1 and −0.2, which implies that, in that region, El
Niño events lead to drier soils, while wetter conditions are given during
La Niña events. Conversely, Brönnimann (2007) observed positive anoma-
lies of precipitation during strong ElNiño events and negative during strong
La Niña for this region, but they only observed this during winter months.
Direct correlations, meaning positive ENSO causes positive SM anomalies,
were obtained in a few areas of eastern Europe, Finland and the Atlantic
coast of the Iberian Peninsula. R values were, in general, lower than those
obtained with AO and NAO; however, stronger correlations were obtained
north of the Great Hungarian Plain, with R values below−0.2. The results
obtained with the LF database matched in sign with those obtained with
ERA5L, but the regions showing a significant correlation were reduced.
Fig. 4. Results of the lagged correlation analysis between the LF SM and teleconnectio
months in which these maxima occur. The area without statistical significance (n.s., p <
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The R-values obtained with the three indices are relatively small in
absolute value; however, it should be borne in mind that the influence of
atmospheric anomalies in soil hydrology is being analysed and that there
are many processes between the two systems that can dampen the strength
of this relationship (Seneviratne et al., 2010). In addition, although several
efforts have been made by many researchers to study teleconnections
between atmospheric circulation and European climate (Brönnimann,
2007; Fraedrich and Müller, 1992), the results obtained in this study can
be directly compared with only very few other results that targeted SM,
either at regional or global scales (Le and Bae, 2022; Miralles et al., 2014;
Sheffield and Wood, 2008). Although related variables in most cases
present similar results, SM does not always behave as other water-related
atmospheric variables, such as precipitation (Dai, 2011).

Some patterns could be observed when analysing the lag of maximum
correlation obtained for the indices and SM anomalies (Figs. 3–4). With
the NAO, few regions presented a lagged response of SM at a monthly
scale for both databases. Nevertheless, more regions showed a delay in
the SM anomalies with respect to teleconnection indices with ERA5L and
not with LF. With ERA5L, a general one-month lag in Northern Europe
was observed. A lag time of 4months in southern Italy, the Great Hungarian
Plain and the Balkans was found, while a later response (5–6 months lag)
was observed in the east of the Iberian Peninsula and near the Danube
mouth. For the AO, a prevalence of nonlagged effects also existed; however,
the spatial distribution was less homogeneous with ERA5L. A one-month
lag was mainly observed in western Europe, and a lag response of 3–4
months was observed in central Europe. In addition, it could be observed,
with both products, that most regions with direct correlation presented a
6-month lag. Regarding ENSO, the lagged effects were seen mainly in
regions with a direct relationship.

3.2. Causal discovery

A causality analysis was performed to investigate the existence of causal
relationships between the NAO, AO and ENSO with SM anomalies. The
PCMCI method was applied with a partial correlation conditional test and a
maximum lag of 6 months. The results of causal link (climate index → SM)
n indices. The maps above show the maximum R-value and those below the lag in
0.05) is in grey.



Fig. 5. Results of the causality analysis between the ERA5L SM and teleconnection indices. The maps above show the highest causal strength (teleconnection index → SM)
and those below the lag of those relations. The area without statistical significance (n.s., p < 0.05) is in grey.
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strength are shown in Figs. 5 and 6 for ERA5L and LF, respectively. Both the
AO and NAO results were quite similar to those obtained in the lagged
correlation with both products, with similar strength magnitudes and
signs, which indicates that the two indices are not only correlated to
SM anomalies but are actually causing them. Thus, our obtained results
reveal that negative phases of NAO and AO cause a general annual
Fig. 6. Results of the causality analysis between the LF SM and teleconnection indices. T
those below the lag of those relations. The area without statistical significance (n.s., p <
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decrease in SM, beyond the broad presumption that winter (summer)
positive NAO favours an increase (decrease) in precipitation and subse-
quently SM over central and northern Europe. According to this, the
impact of climate change on atmospheric circulation patterns may
ultimately induce changes in SM interannual variability. In this regard,
an upwards trend in the AO has been reported since the 1960s
he maps above show the highest causal strength (teleconnection index→ SM) and
0.05) is in grey.
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(Delworth and Dixon, 2000) as well as a trend towards more positive
NAO winters in the 1990s (Hurrell et al., 2003). Additionally, Hanna
et al. (2015) reported a significant downwards trend in the summer
NAO and an increase in variability in winter.

Causality and correlation do not necessarily have to coexist (Runge
et al., 2019b), and this is precisely what we observed with ENSO and SM
anomalies. Larger areas showed a significant causal relationship than in
the lagged correlation analysis, especially with LF (see Figs. 5 and 6).
Silva et al. (2021) also identifiedmore response areas to ENSOwith a causal
method than with the correlation analysis. Negative causal relations
appeared in the British Isles and the Atlantic coast, implying that an
increase (decrease) in SST in the El Niño 3.4 region causes drier (wetter)
soil conditions in these regions. This agrees with results found by
Brönnimann (2007) during strong El Niño and La Niña events; he reported
anomalies of low precipitation in those areas starting in Ireland during late
autumn and extending to the continent in late winter, when they are
combined with high temperature anomalies during El Niño and opposite
conditions during La Niña. Positive causal relations were obtained (only
with LF) in the Balkan region and the Great Hungarian Plain, which is
also in agreement with that observed by Brönnimann (2007).

Regarding the lag of maximum causal strength, a similar pattern to that
obtained with the lagged correlation analysis was observed. There is a pre-
dominance of nonlagged effects with the NAO and AO. Very few regions
present a lagged response, especially with LF. For the NAO, lags were
mainly observed when the relationships were positive, while for the AO,
6-month lagged causal relationships were located in the Baltic areas. With
ENSO, a clear pattern was observed, consistent with both SM products:
negative causal relationships showed a lag of 2 months, while positive
ones showed a lag of 1 month. Longer lagged responses were obtained
with this phenomenon than with AO and NAO, as could be expected,
since different mechanisms occur between the equator of the Pacific
Ocean and North Atlantic regions before seeing the impact in Europe
(Brönnimann, 2007). Bulić and Kucharski (2012) observed a lagged spring
precipitation response to winter ENSO in Europe but also a contemporane-
ous response in spring, which agrees with the 1–2 month lag found here.

Causal discovery can help to better understand the processes interacting
in the soil–atmosphere continuum. This methodology has shown that the
correlations obtained with NAO and AO are indeed causal relationships
and have allowed for a more in-depth analysis of the SM response
to ENSO, which is probably nonlinear and hence was not fully captured
by the correlation analysis. Nevertheless, the strength of the links obtained
in this analysis refers to the evaluation of only two variables (teleconnection
index and SM). These causal relationships could be analysedmore precisely
if more variables were incorporated, without increasing the dimensions of
the analysis too much for the detection power to be affected (Runge et al.,
2019b). However, performing this type of multivariable analysis would
require a spatial aggregation of the information, and the spatial patterns
would depend on the selected area and the method (Bueso et al., 2020a).

4. Conclusions

In this study, the influences that the NAO, AO and ENSO exert on
European SM have been analysed. Monthly SM series were obtained from
two different databases, one from the LF model and the other from reanal-
ysis ERA5L. The results showed that both AO and NAO have a significant
influence on European SM over almost the entire continent. The relation-
ship was predominantly negative andmaximumwith no lag, which implies
drier soil conditions in the positive phases and wetter conditions in the
negative phases. The strongest correlations were obtained with AO in the
Mediterranean regions. Whereas a direct relationship was expected with
the NAO in Northern Europe, as NAO is traditionally assumed to increase
precipitation and colder conditions in the north, this region only showed
a direct relationship with AO with a lag of 6 months, while NAO showed
a uniformly indirect response over almost the entire continent. With
ENSO, hardly any correlation was observed, probably because ENSO influ-
ences the European climate indirectly and nonlinearly. Although the spatial
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patterns observed for SM were, in general, in line with those obtained in
other works for water-related atmospheric variables, some differences
have been observed, which highlights the need for focusing studies specif-
ically on the SM response to atmospheric circulation patterns.

The analysis of causality between the teleconnection indices and SM
was the second objective of this study. This type of analysis has been
applied in only a few studies of Earth science. In this work, a novel method
has been used, the PCMCI, which allows the incorporation of conditional
independence tests such as partial correlation. In the causality study carried
out, for AO and NAO, the results obtained have been very similar in
strength, sign and lag to those obtained in the correlation study. This result
showed the causal effect that both atmospheric patterns have on the SM
dynamics, i.e., negative phases of NAO and AO will cause a decrease in
SM. Stronger causal relations were obtained with AO in Mediterranean
regions, which is important to consider due to the increasing risk of drought
occurrence in this region. For ENSO, the causality analysis allowed finding
SM response areas that were undetected by the correlation analysis. Direct
links were observed in central and northwestern Europe with a delayed
effect of two months, and indirect links were observed in the Balkan region
with a delayed effect of 1 month.

Regarding both SM databases, the results obtained were very similar.
However, slightly stronger correlations and causal relationships were
observed with the LF database. Conversely, more surface area with signifi-
cant correlations and more spatial patterns of delayed response of SMwere
observed with the ERA5L data.

From the results of the present study, causal discovery methods are
powerful methods to help better understand soil–atmosphere interactions.
However, the way of applying this methodology in this work shows some
limitations, and the results should be taken with caution. In particular,
only linear relationships and just two variables were considered here, the
teleconnection index and SM, while incorporating more variables and
apply no linear methods would probably enable a more precise evaluation
of the causal relationships. Additionally, we are treating time series
separately, while spatiotemporal methods could also be considered.
However, with a spatiotemporal approach, the spatial patterns would
depend on the spatially aggregated area or the method used to analyse all
information together.

This work highlights the importance of studies focused on SM dynamics
and interactions, since most studies are centred on precipitation, but the
atmosphere does not always impact all water-related variables in the
same way, and SM is key to understanding its impact on issues such as
agricultural drought, runoff yield, groundwater recharge and many other
water-related processes. Undoubtedly, there is still work to be done to
properly define the causal relationships between soil–atmosphere systems,
but advances in this field are paramount to better understand the impact
of climate change on SM dynamics and consequently on agricultural
drought.
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