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Abstract
The Western Mediterranean Oscillation (WeMO) index is based on the atmospheric

pressure differences between Northern Italy and southwestern Spain. This study aims

to investigate the influence of the WeMO on the moisture contribution to precipitation

from the subtropical North Atlantic Ocean (NALT) and the Mediterranean Sea

(MEDT) over Europe and the Iberian Peninsula (IP). Therefore we tracked the air

masses residing over these sources forward in time with the Lagrangian FLEXible

PARTicle dispersion model (FLEXPART) for 39 years, between 1980-2018. Addition-

ally, we used the WeMO index as well as precipitation and atmospheric moisture flux

data. Results showed that during positive WeMO phases, precipitation increases over

Europe from approximately 43°N to 60°N. In contrast, during negative WeMO phases,

it increases over the central-southern IP and Norway. WeMO(+) also increases the

moisture contribution from the MEDT to precipitation over Eastern Europe, while

WeMO(-) increases the moisture contribution from the MEDT to precipitation over

Western Europe. Regarding moisture transport from the NATL, during a WeMOi(+),

a positive anomaly occurs over France, Central Europe, the Italian Peninsula, the

Balkans, and Eastern Europe, while a negative anomaly is evident over southwestern

Spain. Under WeMOi(-) conditions, the opposite characteristics are observed. The

seasonal analysis revealed that for both MEDT and NATL, the anomalies in moisture

contribution over Europe are more pronounced in autumn and winter, however, the

sign pattern is similar during all seasons. Focusing on the analysis of the IP, we

distinguished two different zones (northern and central-southern IP) of precipitation

variability under WeMO(+/-) influence. Also, for the IP the NATL supplies a

greater amount of moisture in comparison to the MEDT and the IP itself. However,

moisture supply from the MEDT is the best correlated with precipitation. Besides,

Extreme Precipitation (EP) events during a WeMO(+) are more frequent in the

northern IP and during a WeMO(-) in the central-southern IP, particularly during

winter. This study reveals for the first time the role of the WeMO in the transport

of moisture from the MEDT and NATL over Europe, as well as its influence on the

precipitation variability over Europe, and particularly EP over the IP. These results

contribute to the understanding of the ocean-atmosphere interaction and thus of the

hydrological cycle, providing important information that supports environmental and

socio-economic activities.

Keywords: WeMO, Moisture transport, Precipitation, Extreme precipitation,

Teleconnections, Mediterranean Sea, North Atlantic Ocean
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List of Acronyms
The following abbreviations are used in this manuscript:

AO . . . Artic Oscillation

CDO . . . Climate Data Operators
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ENSO . . . El Niño-Southern Oscillation

EP . . . Extreme Precipitation

e . . . Evaporation

E . . . Vertically integrated Evaporation

FLEXPART . . . FLEXible PARTicle dispersion model

IP . . . Iberian Peninsula

IPCC . . . Intergovernmental Panel on Climate Change

q . . . Specific humidity

m . . . Mass

MEDT . . . Mediterranean Sea

NATL . . . North Atlantic Ocean

NAO . . . North Atlantic Oscillation

p . . . Precipitation

P . . . Vertically integrated Precipitation

VIMF . . . Vertically Integrated Moisture Flux

WeMO . . . Western Mediterranean Oscillation

WeMOi . . . Western Mediterranean Oscillation Index
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Chapter 1

Introduction

1.1 Motivation

Global evaporation from oceanic and terrestrial regions is crucial for the global hydro-

logical cycle, with oceans supplying more than 85% of atmospheric water vapour and

serving as major sources of moisture for rainfall (Oki and Kanae 2006; Gimeno et al.

2010a). Figure 1.1 summarises the evolution of the hydrological cycle. It reveals the

existence of the components that act as sources of moisture through oceanic and ter-

restrial evaporation and transpiration, as well as the processes of atmospheric moisture

removal through precipitation. Thus, gaining knowledge about the atmospheric branch

of the hydrological cycle, particularly the atmospheric moisture transport, leads to a

better understanding of precipitation variability and extremes, at local (Benetó and

Khodayar 2023), regional (Horan et al. 2023; Soŕı et al. 2023), and global scales (Yang

et al. 2022).

Indeed, investigating the relationship between sources and sinks of atmospheric

sources represents a challenge for atmospheric sciences (Gimeno 2013; Soden 2019; Ma

et al. 2020). This is why several methodologies and techniques (Eulerian, Lagrangian,

isotopes) have been developed for their study (Gimeno et al. 2012). Multiple studies

have performed evaluations about the source and sinks of atmospheric water vapour,

including its role in the occurrence of extreme precipitation (Liu et al. 2020), droughts

(Herrera-Estrada and Diffenbaugh 2020; Gimeno-Sotelo et al. 2024a) and tropical cy-

clones (Pérez-Alarcón et al. 2022).

The source-sink relationship allows us to identify the sources of moisture for the

precipitation in a target region. Following this criteria, the subtropical North Atlantic

Ocean (NATL) and the Mediterranean Sea (MEDT) have been identified as the major

oceanic sources for precipitation over Europe and the Iberian Peninsula (Gimeno et al.

2010a,b; Nieto et al. 2014).

So far, the role of various modes of variability, such as the North Atlantic

Oscillation (NAO), the El Niño-Southern Oscillation (ENSO), the Arctic Oscillation

(AO) and others, in the climate of the Iberian Peninsula (IP) and Europe in general

has been extensively studied considering their role on atmospheric patterns changes

(Lopez-Bustins et al. 2008; Castillo et al. 2014), moisture transport (Ordóñez et al.

2013; Martinez-Artigas et al. 2021; Vázquez et al. 2023) and precipitation variability

1



2 Introduction

Figure 1.1: Schematic illustration of the hydrological cycle. Red/black numbers represent
fluxes/reservoirs. Figure adjusted from Egger (2003).

(Casanueva et al. 2014; Shaman 2014; Martinez-Artigas et al. 2021). Particularly,

the Western Mediterranean Oscillation (WeMO) has mainly been studied over the IP

(Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins et al. 2008; Martinez-Artigas

et al. 2021) and has been related to the occurrence of extreme precipitation over

Spain (Merino et al. 2016), and particularly Cataluña (Lopez-Bustins et al. 2020).

However, this index represents pressure variations and mass movements that influence

the general circulation over the Iberian Peninsula (Martin-Vide and Lopez-Bustins

2006; Merino et al. 2016; Martinez-Artigas et al. 2021) and parts of Europe. The

effects of these changes in the moisture transport and contribution to rainfall from

the main moisture sources (NATL and MEDT) to precipitation over Europe and

the IP have not been studied, which initially motivated the choice of this topic as a

Master’s Thesis. A description of this mode of variability is given in the next section 1.2.

According to the Intergovernmental Panel on Climate Change (IPCC), the fre-

quency and intensity of heavy precipitation events have likely increased at the global

scale over a majority of land regions with good observational coverage, particularly

North America, Europe, and Asia (Seneviratne et al. 2021). This report also con-

firmed with medium confidence that human-induced climate change has contributed to

increased agricultural and ecological droughts in some regions like the Mediterranean.

Furthermore, it has been proved that climate change affects moisture transport and

precipitation (Watterson 2023). As the Mediterranean is a changing hot spot (Cos et al.

2022; Lopez-Bustins and Lemus-Canovas 2020; Insua-Costa et al. 2022), the WeMO
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teleconnection is also likely to change. Thus, unravelling the processes and mecha-

nisms responsible for controlling the variability of precipitation is an advantage for

the development of policies. Policies, which help to be prepared for extreme hydrom-

eteorological events, which cause considerable damage to infrastructure, agriculture,

ecosystems, and society in general. This is of great importance for densely populated

and industrially developed regions such as Europe.

1.2 Western Mediterranean Oscillation (WeMO)

The Western Mediterranean Oscillation (WeMO) is described as the surface pres-

sure difference between the Po Plain (Padua, Italy) and the Gulf of Cádiz (San Fer-

nando, Spain). This oscillation affects the Western Mediterranean basin, and the San

Fernando-Padua line describes a parallel to the northwestern border of this basin.

Therefore, the WeMO is a crucial factor for the weather and climate over the Iberian

Peninsula (IP) and Europe. A positive index is driven by a pronounced Genoa low-

pressure system and an Azores Anticyclone, inducing a northwesterly atmospheric flow

over the IP. Conversely, a negative index, associated with a low above the Gulf of Cádiz

and a high over Central to Eastern Europe, results in a southeasterly atmospheric flow

(Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins and Lemus-Canovas 2020)

Figure 1.2: Schematic illustration of the positive (left) and negative (right) WeMO phases.
Green arrows represent the flow direction.

Figure 1.3 shows the temporal evolution of the WeMO for the 1980-2018 period.

It reveals that the WeMO experienced a statistically significant negative trend during

the study period. The visual analysis permits us to conclude that the prevalence of

negative values occurred from 2003 onwards.

1.3 Objective and Structure

Taking into account the issues mentioned in section 1.1, the main objective of this

Master’s Thesis is to investigate the influence of the WeMO on the moisture transport

patterns that contribute to precipitation over Europe, from its main source regions,
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Figure 1.3: Monthly values of the WeMOi. Period: 1980-2018. Red/blue indicates pos-
itive/negative values, higher/lower black dotted lines indicate thresholds for WeMOi posi-
tive/negative phases, and the yellow line represents the linear trend line.

which are the North Atlantic Ocean and the Mediterranean Sea. In addition, a

more specific objective is to determine the influence of changes in the contribution

of moisture transported from these sources under opposite phases of the WeMO on

precipitation patterns over the Iberian Peninsula, specifically on extreme precipitation.

This Master’s Thesis is structured as follows: Chapter 2 outlines the investiga-

tion area, the data, and the methodology applied, Chapter 3 presents and discusses

the results, zooming in from Europe all the way to the Iberian Peninsula, and finally,

Chapter 4 provides the conclusion. Acknowledgements, bibliography, and supplemen-

tary material follow.



Chapter 2

Material and Methods

2.1 Investigation area

The climatological research of moisture transport variations under WeMO influences is

focused on Europe, while a deeper analysis related to precipitation changes is performed

for the IP. Figure 2.1 illustrates the boundaries and spatial extension of the subtropi-

cal North Atlantic Ocean (NATL), the Mediterranean Sea (MEDT), and the IP area

moisture sources, in red, blue and green respectively. In this study, the Mediterranean

Sea was considered in its entirety given previous work that also confirmed its impor-

tance as a source of moisture for precipitation over Europe (Gimeno et al. 2010a; Nieto

et al. 2014, 2019) and the IP (Nieto et al. 2010), especially in summer (Gimeno et al.

2011). However, the source of the NATL was spatially defined using 0.1 mm day−1 in

the (E − P ) > 0 field as a limit, obtained in a backward in time analysis of air masses

residing over the IP, using the FLEXPART model (section 2.2.5). This area of the

NATL agrees with that defined in a previous experiment and is estimated as the major

moisture source, from the entire North Atlantic Ocean, which contributes to humidity

loss over the IP (Gimeno et al. 2010b). In addition, for the analyses of the precipitation

changes over the IP, its area was added as a moisture source. This was done to further

analyse the moisture recycling component of the IP besides the moisture supply from

the MEDT and NATL.

2.2 Data

In order to relate the moisture contribution (calculated with data from FLEXPART

2.2.5) with precipitation, daily precipitation data from E-OBS 2.2.1 and Iberia01 2.2.2

were used, for Europe and the IP respectively. Additionally, the Eulerian data 2.2.3

were used to analyse and support the Lagrangian results from FLEXPART and monthly

WeMOi 2.2.4 to classify the WeMO positive and negative phases.

2.2.1 E-OBS

The E-OBS dataset is an ensemble daily gridded observational precipitation, temper-

ature, sea level pressure, relative humidity, global radiation and wind speed dataset

over Europe. The dataset also provides the ensemble mean (best guess value) of 20

5



6 Material and Methods

Figure 2.1: Geographical extension of the subtropical North Atlantic Ocean (NATL), in
red, and the Mediterranean Sea (MEDT), in blue and the Iberian Peninsula (IP), in green,
moisture sources considered for this study.

ensemble members (differently gridded observed datasets). A horizontal resolution of

0.25° and version 28.0e was chosen, which includes daily data from January 01, 1950

to June 30, 2023 (Cornes et al. 2018). For Europe, a monthly mean of precipitation

data from 1980 to 2018 was calculated using Climate Data Operators (CDO) software

(Schulzweida 2023) from the Max Planck Institute of Meteorology.

2.2.2 Iberia01

To focus the assessment on the influence of the moisture contribution to precipitation

from the Mediterranean and the North Atlantic sources to the precipitation over the

IP, the Iberia01 dataset (Herrera et al. 2019) for the period 1980-2015 was used. It is a

daily gridded observational dataset for precipitation and temperature with a horizontal

resolution of 0.1° from 1971 to 2015. This dataset was chosen because it provides better

results in the representation of the precipitation over complex orographic areas of the

IP compared to the E-OBS data, due to a dense network of stations (Herrera et al.

2019).

2.2.3 Eulerian data

The vertically integrated northward and eastward water vapour flux and the verti-

cally integrated divergence of the moisture flux from the ERA 5 reanalysis database

(Hersbach et al. 2023) were used to calculate the resulting vector, hereafter named

VIMF (Vertically Integrated Moisture Flux), and its divergence. These fields provide

a Eulerian perspective of moisture transport in the atmosphere and support the under-
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standing of atmospheric moisture transport diagnosed by the Lagrangian FLEXPART

model (Gimeno et al. 2010b, 2012).

2.2.4 Western Mediterranean Oscillation Index (WeMOi)

To classify the WeMO phases, the monthly WeMO index (WeMOi) from Martin-Vide

and Lopez-Bustins (2006) was utilised. This index describes the difference between San

Fernando (Spain) and Padua (Italy) in the standardised atmospheric surface pressure

(Martin-Vide and Lopez-Bustins 2006). Following Martin-Vide and Lopez-Bustins

(2006), the thresholds ≥ 1 and ≤ −1 were chosen for the positive and negative phases

of the WeMOi, respectively. A more detailed explanation of the characteristics of this

mode of climate variability was provided in section 1.2. The WeMOi was used for the

years 1980-2018 for Europe and from 1980 to 2015 to analyse the precipitation patterns

over the IP.

2.2.5 FLEXible PARTicle dispersion model (FLEXPART)

The FLEXible PARTicle dispersion model v9.0 (FLEXPART) (Stohl and James 2004,

2005) is a Lagrangian model originally designed for the analysis of pollutant transport.

However, it has been widely used to track atmospheric parcels and to compute the

changes in specific humidity along their trajectories. This has made it possible to

study the atmospheric branch of the global hydrological cycle and to identify sources

and sinks of moisture. In this study the atmosphere was divided into approximately

2 million parcels with the same mass and 1° of horizontal resolution, using the input

data from the ERA-Interim Reanalysis project (Dee et al. 2011) with a temporal step

of 6 hours and 61 vertical levels, as in recent studies that implemented the same

methodology (Devanand et al. 2024; Gimeno-Sotelo et al. 2024b).

To calculate the moisture contribution from the NATL and MEDT sources to pre-

cipitation over Europe and particularly over the IP, a forward analysis was conducted.

This involved tracking forward in time the air masses residing over the sources in time

intervals of 6 hours up to 10 days, considering the mean water vapour residence time

in the atmosphere (Numaguti 1999; Quante and Matthias 2006; Gimeno et al. 2021).

The advection of air parcels mainly consists of a “zero acceleration” scheme that solves

the trajectory equation 2.1,
dx

dt
= v(x(t)) (2.1)

where dx is the position of the parcel and v(x(t)) is the spatial and temporally inter-

polated wind speed. The gain (through evaporation from the environment, e) or loss

(through convection and precipitation, p) of the specific humidity (q) by each parcel is
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calculated following equation 2.2.

(e− p) = m
dq

dt
(2.2)

Where (e− p) represents the budget of evaporation minus precipitation in each parcel,

m the mass, and dq
dt

the changes in time of the specific humidity. The values of (e− p)

integrated over the entire vertical column are represented as the balance of (E − P ),

where E represents the total evaporation and P represents total precipitation, allowing

us to estimate the freshwater balance at the surface.

Areas with positive values of (E − P ) in a backward experiment from a target

region indicate that air masses uptake humidity, and represent a source region. This

approach was utilised to determine the spatial extension of the North Atlantic Ocean

moisture source (NATL) contributing to the precipitation over the IP, considering

the threshold of 0.1 mm day−1. In contrast, in a forward in time experiment from a

target region, the areas where (E − P ) < 0 indicate a contribution to precipitation

from the air masses residing over that target region. The module of this balance sheet

will be applied to facilitate the process of understanding the results. The patterns

of (E − P ) < 0 in [mm day−1] were determined from a forward experiment of each

source (NATL, MEDT, IP) and interpolated to a 0.25° grid resolution. Moreover,

to investigate the relationship of the |(E − P ) < 0| values with the precipitation

according to Iberia01 data, these datasets have been further interpolated to the same

resolution as the latter, 0.1°, using CDO.

Lagrangian methods for tracking moisture transport have been highly recom-

mended (Dirmeyer and Brubaker 1999, 2006). FLEXPART, in particular, is char-

acterised by several strengths, such as its capacity to establish a source-receptor re-

lationship and the net freshwater flux estimation that gives a realistic representation

of the atmosphere water budget (Stohl and James 2004, 2005). However, evaporation

rates are based on calculations rather than observations, and evaporation and precip-

itation are not clearly separable. Despite these negative aspects of FLEXPART, in

general, they do not limit the use of the model and its results for the study of the

atmospheric branch of the hydrological cycle.

2.3 Calculations

All the calculations were done in Python (Van Rossum and Drake 2009) and CDO

(Schulzweida 2023). The libraries primarily used included: xarray, numpy, pandas,

scipy, netCDF4 and datetime.
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2.3.1 Trends and Correlations

To calculate the temporal trends (slopes) and the correlations (Pearson correlation

coefficient), a linear least-squares regression between time and the data or two datasets

was used. Therefore the scipy.stats package in Python was used (Virtanen et al. 2020).

Additionally, to determine the significance of the results, the p value was calculated

using the Wald Test with a t-distribution of the test statistic (Virtanen et al. 2020).

All results were classified as statistically significant if the p value was smaller than 0.05.

2.3.2 Anomalies

Anomalies were calculated by determining the temporal mean of each grid cell and

subtracting this mean from the respective values of each grid cell. For monthly anoma-

lies, the mean was taken over the corresponding month, regardless of different WeMO

phases. To get the seasonal anomaly, the seasonal mean of the monthly anomaly was

calculated

2.3.3 Extreme precipitation identification

To identify the area and days with Extreme Precipitation (EP) from the Iberia01

dataset, the R99p index was used. This index describes the values of daily precipitation

exceeding the 99th percentile of the rainy days (days with precipitation equal or greater

than 1 mm day−1), calculated for each grid cell throughout the study period (1980-

2015). The 99th percentile indicates the value below which 99% of the data points

fall. In other words, if you have a sorted list of data, the 99th percentile is the value

that separates the highest 1% of the data from the rest. Values exceeding the 99th

percentile were marked as EP. This method has been used in several studies (e.g.

Merino et al. 2016; Gimeno et al. 2022). The 99th percentile was calculated with the

numpy.percentile function in the programming language Python.
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Chapter 3

Results and Discussion

3.1 Hydroclimate conditions over Europe

To start our analysis, the spacial mean precipitation and mean |(E−P ) < 0| from the

MEDT and NATL over Europe are shown in figure 3.1. Areas with the highest precip-

itation values are found over the Atlantic coast of Norway, Northern Great Britain, the

Alps, the Balkans, the northwestern IP and the eastern coast of the Black Sea. Most

of Europe, except Mediterranean areas, are favoured by moist climate conditions be-

cause of higher average precipitation than evapotranspiration rates (Ullah et al. 2022;

Luo et al. 2023), although the European countries have been confronting water stress

(European Environment Agency 2021).

Concerning the moisture contribution from the MEDT source, the major values

are observed over the Mediterranean and Eastern Europe, with its peak values south of

the Alps, over the Balkans and the eastern coast of the MEDT, in agreement with the

findings of Batibeniz et al. (2020). However, the NATL contributes the most moisture

to the precipitation over Western Europe, specifically over Great Britain, the Western

IP, France and Central Europe, as demonstrated in previous studies (e.g. Smith et al.

2016; Wypych et al. 2018; Fernández-Alvarez et al. 2023). These patterns can explain

the higher mean precipitation values, except for Norway and the east of the Black Sea.

A stronger influence on the precipitation over Norway from sources further north than

the subtropical North Atlantic Ocean (NATL) can explain the non-representation of

the strong mean precipitation from our sources, as appreciated in the results of Nieto

et al. (2014). It can also be assumed that the high precipitation values east of the Black

Sea are favoured by moisture transport from the Black Sea itself, which was found

by Önol et al. (2014), Kozachek et al. (2017) and Batibeniz et al. (2020) for the summer.

Thus, observing these results in combination with the correlation from figure 3.2,

the WeMO has an important impact on the moisture transport patterns and the pre-

cipitation over great parts of Europe, especially the IP, France, Central Europe, the

Balkans and eastern and southeastern Europe. In section 3.3 we will have a closer look

at how the WeMO influences the hydroclimate over Europe.

11



12 Results and Discussion

(a)

(b) (c)

Figure 3.1: (a) Mean precipitation and mean moisture contribution to precipitation from
the (b) MEDT and (c) NATL over Europe. Period 1980-2018. Note the different scales.

3.2 Linear relationship assessment over Europe

In a second analysis, the degree of linear relationship was assessed. Figure 3.2 shows the

correlation between the WeMOi and the series of the precipitation (a) and the moisture

contribution to precipitation (|(E − P ) < 0|) from the MEDT (b) and the NATL (c).

The black line delimits the area that encloses statistically significant correlation values

(p < 0.05).

The correlation values in figure 3.2a are positive and statistically significant over

most of Europe. The highest positive correlations are found between the west coast of

France and Eastern Germany, followed by those observed in Great Britain. In contrast,

negative correlations prevail in the central and southern parts of the IP, which indicates

that a negative phase of the WeMO, is related to the precipitation increase over this

area.

In our literature search, we did not find any published and referenceable study

that analysed the linear relationship of the WeMO with precipitation over Europe.

However, previous findings computed and discussed the lagged bivariate correlation

between the daily extreme precipitation anomaly over Europe and the WeMOi (Tabari

and Willems 2018). They found that the WeMO teleconnection is the main driver of

summer EP over much of Europe, but also reported lagged effects of summer WeMO
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characteristics in the following seasons, although with an almost reversed EP pattern.

The correlation between the moisture contribution to precipitation from the

MEDT and the WeMOi, shown in figure 3.2b, displays a different pattern. Here,

the western part of Europe is negatively correlated, while the eastern part is positively

correlated. This indicates that during positive WeMO phases, the MEDT contributes

more to the precipitation over the Balkans and Eastern Europe, whereas during nega-

tive WeMO phases, it contributes more to the precipitation over the IP and Western

Europe due to the southeasterly wind flow direction, as shown in Martin-Vide and

Lopez-Bustins (2006) and Lopez-Bustins et al. (2020).

The pattern from figure 3.2a is nearly repeated for the moisture contribution to

the precipitation from the NATL, shown in figure 3.2c, visually. Central and Eastern

Europe, the Italian Peninsula and the Balkans are positively correlated, and the

central and southern part of the IP is negatively correlated. Although the magnitude

of the correlation values, and the area that negative values occupy over Central and

Southern IP, decreases concerning those obtained for precipitation. Previous studies

have revealed that the North Atlantic Ocean directly influences precipitation over

Central Europe through moisture transport (Gimeno et al. 2011; Batibeniz et al. 2020).

This confirms the strong influence of the WeMO in and around the Mediterranean

region. The hypothesis that a positive WeMO phase is related to a positive moisture

flux from the NATL over Central Europe and therefore favouring precipitation over

Central Europe, is evaluated in more detail in the next sections.

3.3 Hydroclimate anomalies during WeMOi(+/−)

phases over Europe

In this section, the anomalies of precipitation and the moisture contribution to pre-

cipitation from the MEDT and NATL during a positive and a negative WeMOi

(WeMOi(+/−)) are presented. First, in section 3.3.1, the annual anomalies are dis-

played and compared with the Eulerian VIMF patterns. This is followed by a detailed

comparison of the anomalies during the opposite seasons, winter and summer (section

3.3.2). It is thus possible to determine the different influences of the WeMO during the

different seasons of the year.

3.3.1 Annual hydroclimate anomalies

Figure 3.3 represents the anomalies of the precipitation (a,b), the moisture contribution

to precipitation from the MEDT (c,d) and the NATL (e,f) caused by the WeMO(+)
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(a)

(b) (c)

Figure 3.2: Correlation between (a) precipitation from E-OBS and the WeMOi, (b) the
contribution to precipitation from the MEDT and the WeMOi and (c) the contribution to
precipitation from the NATL and the WeMOi over Europe. Period: 1980-2018. Dashed/solid
black lines indicate statistically significant values (p < 0.05).

and the WeMO(−) respectively. Under the influence of a WeMO(+), European areas

between approximately 43°N and 60°N receive more precipitation than the climatolog-

ical average while negative anomalies are observed almost everywhere in the IP, except

for the northernmost region, where they are positive. This occurs in conjunction with

the occurrence of negative anomalies of the moisture contribution from the MEDT over

Western and part of Central Europe, especially in the Central and Southern IP, while

positive anomaly values occupy part of Central and all of Eastern Europe. The pattern

of anomalies of the moisture transport from the NATL also supports the pattern of the

precipitation anomalies, with stronger positive moisture supply anomalies over France

and the Balkans, and negative ones over the southeastern IP during a WeMOi(+).

Conversely, under the influence of a negative WeMO phase, the spatial pattern of

the precipitation anomaly changes in the opposite direction. The central and southern

parts of the IP and the Western Mediterranean coast receive more precipitation and

Central Europe receives less. This is due to the increased moisture contributions to

the precipitation over the former mentioned areas from the MEDT and the NATL,

combined with the reduced moisture contributions to the precipitation over Western

France and the Balkans from the NATL, and the reduced moisture contribution over

the Balkans and Eastern Europe from the MEDT, as appreciated in figures 3.3d,f.
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These patterns are consistent with the atmospheric flow directions forced by the

WeMO and are presented for the first time in this study. Flow directions, in combi-

nation with the orography, place landmasses on the windward or leeward side of their

moisture sources thereby inhibiting or allowing moisture transport and consequently

the contribution to precipitation from these sources (Martinez-Artigas et al. 2021).

During WeMO(+) phases, the atmospheric flow describes westerly/northwesterly

directions in the western part of Europe and westerly/southwesterly directions in the

eastern part of Europe. In contrast, during WeMO(−) phases, southeasterly directions

can be observed in the western part of Europe and easterly/northeasterly directions

in the eastern part of Europe (Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins

et al. 2020). This is confirmed by the anomalies of VIMF represented in figure 3.4.

(a) (b)

(c) (d)

(e) (f)

Figure 3.3: Anomalies of precipitation and the contributions to precipitation from the
MEDT and NATL during a WeMOi(+/−). Period: 1980-2018. The left column repre-
sents anomalies during a WeMOi(+) and the right column represents anomalies during a
WeMOi(−). (a,b) represent precipitation, (c,d) show the moisture contributions from the
MEDT and (e,f) show the moisture contributions from the NATL. Dashed/solid black lines
indicate statistically significant (p < 0.05) results, note the different scales.
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As commented above, the VIMF anomalies and its divergence anomalies under a

WeMOi(+/−) support the understanding of the Lagrangian moisture transport anoma-

lies and the precipitation anomalies seen in figure 3.3. The VIMF convergence (warm

colours) and divergence (cold colours) indicate areas where convective and precipitation

processes are favoured and inhibited respectively.

During a WeMOi(+) (Fig. 3.4a), negative anomalies of the VIMF divergence over

Central Europe, the Balkans and along the northern coast of the IP reveal the preva-

lence of convergence of the moisture flux and favouring the occurrence of precipitation.

The anomalies in the circulation of the VIMF also reveal a cyclonic circulation with its

centre located over Central Europe. Contrarily, VIMF divergence positive anomalies

are observed over the Eastern NATL, the Central and Southern IP, and the Western

MEDT. These are associated with an anticyclonic anomaly circulation of the VIMF,

inhibiting precipitation, supporting the results described in figure 3.3.

During a WeMOi(−) (Fig. 3.4b), negative anomalies of the VIMF divergence

indicate the prevalence of convergence over the Gulf of Cádiz and along the Mediter-

ranean coast of the IP and France, combined with a cyclonic circulation anomaly. In

addition, an increased VIMF divergence concerning climatology is observed over much

of the rest of Europe, where an anticyclonic circulation anomaly of the VIMF can be

observed. As already commented, these circulation anomalies are consistent with the

expected WeMOi(+/−) atmospheric flow patterns (Martin-Vide and Lopez-Bustins

2006; Lopez-Bustins et al. 2020).

These results open up new questions, such as the role of the WeMO in the vari-

ability of the North Atlantic storm track, a mechanism that plays a crucial role in

moisture transport and the European climate (Dong et al. 2013), and the occurrence

of extreme precipitation, here assessed for the IP (section 3.4.4 and 3.4.5).

3.3.2 Seasonal hydroclimate anomalies

In this section, we evaluated the differences between seasonal anomalies of precip-

itation and |(E − P ) < 0| anomalies during a WeMOi(+/−), with a particular

emphasis on the winter (DJF) and summer (JJA) seasons. The analysis for opposite

climatic conditions allows us to avoid the signal of intra-annual climatic variations

and to contrast the role of the WeMO during different climatic conditions of the

year, which was not possible in section 3.3.1. Therefore, the winter and summer were

chosen to deepen the analysis. Previous studies support this decision, according to

Gómez-Hernández et al. (2013) and Batibeniz et al. (2020), the strongest effect on

moisture transport from oceanic sources occurs over the IP and Europe during winter

when teleconnections have the strongest influence (Martinez-Artigas et al. 2021).
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(a)

(b)

Figure 3.4: Anomalies of the VIMF during a WeMOi(+/−).Period: 1980-2018. (a) rep-
resents anomalies during a WeMOi(+) and (b) represents anomalies during a WeMOi(−).
Dashed/solid black lines indicate statistically significant (p < 0.05) VIMF divergence anoma-
lies, arrows indicate VIWVF anomalies.

Conversely, we consider summer as the season with the lowest precipitation rate over

the IP (Shahi et al. 2022). In addition, the WeMO was found to play a role in the

occurrence of extreme precipitation events over Europe during the summer (Tabari

and Willems 2018).

From a visual analysis of the precipitation anomalies under the WeMO(+/−)

for DJF and JJA (Fig. 3.5), the following can be summarised. For winter under a

WeMOi(+) (Fig. 3.5a), positive precipitation anomalies are observed over Central and

Eastern Europe, but negative anomalies are found over the Western Mediterranean

region, including most of the IP, except for its northern region. On the contrary,

under the influence of the negative phase of the WeMO during winter (Fig. 3.5b), this

pattern of anomalies is reversed, with more precipitation than usual over the Western

Mediterranean, particularly over the southwestern IP. This is consistent with the annual

analysis shown in figures 3.3a,b.
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For the summer (Fig. 3.5c,d), the pattern of anomalies is somewhat similar to

the winter season. However, under WeMO(+/−) conditions, the strongest positive

and negative anomalies appear more towards central-eastern Europe compared to the

pattern observed for winter. In addition, the magnitude of the anomalies is more

pronounced for DJF than for JJA. Over the Central and Southern IP, there is nearly

no response to the different WeMO(+/−) phases, which goes along with Martinez-

Artigas et al. (2021), who found the weakest relationships during summer between the

WeMO and the precipitation over this region.

The precipitation anomaly patterns for autumn and spring (Fig. S3.1) are consis-

tent with the annual ones (Fig. 3.3a,b). Compared to winter, the positive anomalies

observed for autumn (Fig. S3.1a,b) are stronger under the influence of a WeMO(+),

but weaker under a WeMO(−). However, the statistically significant positive anomaly

area of the precipitation under a WeMOi(−) over the southeastern IP is larger than

in the rest of the season. This is coherent with Martin-Vide and Lopez-Bustins (2006)

and Lopez-Bustins and Lemus-Canovas (2020), as they confirmed a strong relationship

between the precipitation in the southeastern IP and negative WeMO conditions dur-

ing autumn. For the spring season, a similar effect of the WeMO on the signs of the

precipitation anomalies was found, they were weaker than during winter and autumn,

but stronger than during summer over Central Europe.

(a) (b)

(c) (d)

Figure 3.5: Anomalies in precipitation during DJF (top) and JJA (bottom) under the
influence of positive (left column) and negative (right column) WeMOi phases. Period: 1980-
2018. Dashed/solid black lines delimit areas with statistically significant (p < 0.05) values.

The seasonal anomalies on the moisture contribution from the MEDT and NATL

sources under the influence of the WeMO(+/−) were also determined, and are plotted
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for summer and winter in figure 3.6, and for autumn and spring in figure S3.2. The

anomalies of |(E−P ) < 0| from the MEDT for DJF are characterised by positive (neg-

ative) values over eastern and southeastern Europe under the positive (negative) phase

of the WeMO. Opposite patterns were found over the Western Mediterranean coast

(Fig. 3.6a,b). In contrast to the annual analysis of the IP, the anomalies are more con-

centrated along the coast, confirming the importance of showing seasonal differences.

During the same season, the anomalies in the moisture contributions to precipitation

from the NATL under a WeMOi(+) reflect stronger positive anomalies across the ma-

jor part of western-central to Eastern Europe, including the northwestern IP, Great

Britain and the Balkans. Negative anomalies are enclosed over the southeastern IP

(Fig. 3.6c). The opposite pattern is observed under a WeMOi(−) (Fig. 3.6d).

In summer, the anomalies in |(E − P ) < 0| from the MEDT over Eastern Europe

are weaker than in winter, while the anomalies over the IP remain similar (Fig. 3.6e,f).

Batibeniz et al. (2020) also found stronger intra-annual changes in moisture transport

from the MEDT over Eastern Europe, although they did not relate these changes to the

WeMO. For the moisture contribution anomalies from the NATL in JJA, we observed

positive anomalies over Western France and the Balkans during a WeMOi(+) and

positive anomalies over the central and southern part of the IP during a WeMOi(−)

(Fig. 3.6g,h). The anomalies are weaker in summer than in winter.

Figure S3.2 shows that during autumn and spring, the anomaly patterns from

both sources are very similar to those already described for winter and summer.

However, in autumn, the anomalies over the southeastern IP are stronger than in

winter. Finally, for the anomalies in the moisture contribution to precipitation from

the NATL, it appears that the pattern is shifted northward during winter compared

to autumn and spring. These results evidence that for both WeMO phases the spa-

tial patterns of |(E−P ) < 0| are very similar concerning the annual results (Fig. 3.3c-f)

The stronger variability during the boreal winter can be explained by a generally

stronger moisture advection from oceanic sources, which is more influenced by

teleconnection processes (Martinez-Artigas et al. 2021), while during boreal summer

the recycling becomes stronger (Gómez-Hernández et al. 2013; Batibeniz et al. 2020;

and see section 3.4.2). Particularly, for the NATL, a stronger impact of the moisture

advection to Europe during the winter months was reported (Gimeno et al. 2010b;

Castillo et al. 2014; Batibeniz et al. 2020). Additionally, the moisture transport from

oceanic sources is strongly influenced by evaporation and horizontal winds, which are

higher in winter than in summer over the NATL (Walsh and Portis 1999) and the

MEDT (Mariotti et al. 2002; Sánchez Gómez et al. 2009; Zveryaev and Hannachi

2022). Thus, stronger winds in combination with less moisture content during winter

can lead to increased evaporation (Zveryaev and Hannachi 2022). Furthermore,
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former studies pointed out that the WeMOi represents precipitation better in the

boreal winter months (Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins and

Lemus-Canovas 2020; Martinez-Artigas et al. 2021).

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.6: Anomalies of the moisture contribution to precipitation from the MEDT and
NATL during a WeMOi(+/−). Period: 1980-2018. The left column represents anomalies
during a WeMOi(+) and the right column represents anomalies during a WeMOi(−). (a,b)
represent the DJF anomalies on the contribution from the MEDT and (c,d) from the NATL.
(e,f) represent the JJA anomalies on the contribution from the MEDT and (g,h) from the
NATL. Dashed/solid black lines indicate statistically significant (p < 0.05) values.

The anomalies of the VIMF and its divergence (Fig. 3.7) are consistent with the

Lagrangian |(E − P ) < 0| results represented in figure 3.6. In winter (Fig. 3.7a,b),
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the magnitude of the VIMF divergence and circulation anomalies is higher than in

summer and in the annual analysis (Fig. 3.4), but a similar pattern is shown. In

this season, under the influence of a WeMO(+), positive VIMF divergence anomalies

are observed over the Eastern NATL and the Western Mediterranean, including its

coast. As in the annual analysis, an anticyclonic circulation anomaly, with its centre

over the Azores is found. In addition, Negative VIMF divergence anomalies are ob-

served over the Northern IP coast, western-central Europe, the Balkans and Greece,

indicating more convergence. This is associated with a cyclonic circulation anomaly

of the VIMF from Great Britain to Eastern Europe, passing the Northern MEDT and

Central Europe. Thus, VIMF vectors can be observed from the northwest over West-

ern Europe and the southwest over Eastern Europe, indicating the moisture transport

observed in figure 3.6. Conversely, with a negative WeMOi, opposite spatial anomalies

are obtained.

Previous studies have confirmed the importance of the WeMO and other telecon-

nection modes, such as the North Atlantic Oscillation (NAO) and the Arctic Oscillation

(AO), for the understanding of precipitation variability and trends at regional scales

like the IP (Lopez-Bustins et al. 2008) or the European Mediterranean region (Seager

et al. 2020) during winter. This is caused by changes in atmospheric circulation. As for

the annual analysis, the VIMF vectors indicate the moisture flow as thought by other

studies (Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins and Lemus-Canovas 2020;

Martinez-Artigas et al. 2021) over the IP during WeMO(+/−) phases.

In summer, during WeMOi(+) phases, slightly positive VIMF divergence anoma-

lies are found over the central and southern IP and the Western Mediterranean coast.

Negative anomalies are found over Central and Eastern Europe, the Balkans and

Greece, with a minimum over Eastern Europe, and a cyclonic VIMF circulation over

Europe. Again, opposite anomalies result during a WeMOi(−), with a VIMF diver-

gence anomaly maximum northeast of the Balkans. An anticyclonic circulation of the

VIMF was found over Europe.

The VIMF divergence anomaly patterns for autumn under the WeMOi(+/−) are

very similar to the pattern for winter (Fig. S3.3a,b). Autumn and spring present

weaker anomalies of VIMF than during winter, but stronger than during summer. The

magnitude of the winter and autumn anomaly patterns plays a determining role in the

coincidence observed with the annual patterns seen in figure 3.4.

3.4 The Iberian Peninsula hydroclimate and the

WeMO

As mentioned in the introduction and documented in section 3.3, the WeMO is an

important mode of climate variability for the Iberian hydroclimate. Furthermore, it has
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(a) (b)

(c) (d)

Figure 3.7: Anomalies of the VIMF during DJF (top) and JJA (bottom) under the influence
of positive (left column) and negative (right column) WeMOi phases. Period: 1980-2018.
Dashed/solid black lines delimit VIMF divergence areas with statistically significant (p <
0.05) values, arrows indicate VIMF anomalies.

been seen that the IP is one of the regions most influenced by the WeMO. Therefore,

an analysis of precipitation patterns, and especially extreme precipitation patterns,

under different WeMO conditions has been carried out specifically for this region.

The following analysis was done for the period 1980-2015, taking into account the

availability of data in Iberia01.

3.4.1 The linear relationship distinguishes two zones

Two latitudinally differentiated zones within the IP have been defined, according to

opposite statistically significant (p < 0.05) correlation values between the precipitation

from the Iberia01 dataset and the WeMOi (Fig. 3.8a). An area of positive correlation

was found in the northern part of the IP and an area of negative correlation was found

covering a central-southern region. To better visualise the northern and south-central

zones, which will be used in the following analyses, a schematic figure was drawn up

and is shown in figure 3.8b. The northern zone of the IP experiences positive anomalies

of precipitation during positive WeMO phases, while in the central-southern zone, it is

reversed. As section 3.3 demonstrated, during a WeMOi(+), the northern IP receives

more moisture from the NATL, and during a WeMOi(−), the southwestern IP receives

more moisture from the NATL and the southeastern IP receives more moisture from

the MEDT.

The same results obtained through two different datasets confirm the spatial re-

sponse of the precipitation over the IP to the influence of the WeMO. This can be

explained by the complex topography of the IP and the flow patterns described by

Martin-Vide and Lopez-Bustins (2006) and Martinez-Artigas et al. (2021), confirming
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not only the local (Lopez-Bustins and Lemus-Canovas 2020; Benetó and Khodayar

2023) but also the regional (Martin-Vide and Lopez-Bustins 2006; Merino et al. 2016;

Martinez-Artigas et al. 2021) character of the WeMO in the modulation of the IP hy-

droclimate. Similar correlation patterns were found by Martin-Vide and Lopez-Bustins

(2006) and Martinez-Artigas et al. (2021).

Figure 3.8: (a) Correlation between the precipitation from Iberia01 and the WeMOi over
the IP. Period: 1980-2015. Dashed/solid lines indicate significant results (p < 0.05). (b)
Schematic representation of the northern and central-southern zones.

3.4.2 Moisture origin and the WeMO

As already mentioned, various studies have pointed out that the MEDT and NATL

are important sources of moisture for the precipitation over the IP. In addition, we

considered that precipitation from terrestrial origin could play an important role, and

therefore considered the IP as a source of moisture for itself. To assess it, daily data of

|(E − P ) < 0| computed over the northern and central-southern zones from a FLEX-

PART forward in time analysis from each source were used.

Figure 3.9 shows the seasonal average contribution (in percentage) from each

source for the northern and central-southern zones. This analysis reveals that for the

four seasons, the NATL was responsible for supplying the greater amount of moisture

for the precipitation (≥ 84%) in the northern zone, followed by the MEDT and the IP

(Fig. 3.9a). These findings are very similar for the central-southern zone (Fig. 3.9b),

although the MEDT and the IP slightly increase their contribution while that from

NATL decreases, but remains above 79% of the total. Thus, the MEDT and IP gain

importance concerning the NATL when going from the northern zone to the central-
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southern one. Furthermore, the MEDT plays a stronger importance during winter and

autumn, as the WeMO(−) which favours more a southeasterly flow (Martin-Vide and

Lopez-Bustins 2006; Martinez-Artigas et al. 2021). In addition, the moisture contri-

bution from the IP itself with respect to the other sources increases from winter to

autumn for the central-southern zone, and it is strongest in autumn over both zones.

It should be noted that figure 3.9 represents the distribution of |(E−P ) < 0| from
the three selected moisture sources concerning their total contribution. Thus, higher

percentage values do not mean that the absolute contributions (e.g. terrestrial) are

higher during one season than during others. Indeed, for both zones, the greatest con-

tribution from the terrestrial contribution occurs during the summer (1.5e−3 mm day−1

and 2.7e−3 mm day−1 in the northern and central-southern zone respectively). This

contribution may be considered moisture recycling, which is defined as the mois-

ture that contributes to precipitation evaporating from the area where it precipitates.

Gómez-Hernández et al. (2013) and Rios-Entenza et al. (2014) also found stronger re-

cycling importance for the IP during the dry season than during the wet season and

during summer than during winter. Additionally, Batibeniz et al. (2020) found the

strongest recycling influence during late spring and summer.

(a)

(b)

Figure 3.9: The mean moisture contributions to precipitation (in percentage) from the
MEDT (red), the NATL (blue) and the IP (green) to the IP. Period: 1980-2015. For winter
(DJF), spring (MAM), summer (JJA) and autumn (SON) averaged over the (a) northern
zone and (b) central-southern zone.
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3.4.3 Temporal evolution: Hydroclimate and the WeMO

Several recent studies (e.g. Pereira et al. 2021; Insua-Costa et al. 2022; Senent-Aparicio

et al. 2023) analysed the temporal evolution of the precipitation and moisture transport

over Spain and the IP. In this work, we also have this objective, but taking into

account the spatial differentiation (northern and central-southern zones) that occurs

in precipitation over the IP in response to positive and negative WeMO conditions. A

temporal evolution of the annual mean values of the WeMOi, the precipitation, and

the moisture contribution from the MEDT and NATL sources, from 1980 to 2015 was

performed. These are shown alongside the linear trends of each series in figures 3.10a,b,

for the northern and central-southern zones respectively.

The temporal evolution of the WeMOi does not reveal the existence of any cycli-

cality between the negative and positive phases but experienced a statistically signif-

icant negative trend (−2.15e−2 year−1). This negative trend coincides with a slightly

negative, although statistically non-significant, trend in precipitation values over the

northern zone of the IP. In addition, there is a statistically non-significant negative

trend in the moisture contribution to the precipitation from the MEDT and a posi-

tive and statistically significant trend in the contribution to the precipitation from the

NATL over this zone (Fig. 3.10a). Conversely, figure 3.10b reveals a positive trend,

(not statistically significant) in the precipitation over the central-southern zone of the

IP, accompanied by a positive trend in the moisture contribution to the precipitation

from the MEDT and the NATL.

Our results are in agreement with various studies. Martin-Vide and Lopez-Bustins

(2006) already described a negative WeMOi trend for the latest half of the 20th

century. Moreover, they also found a significant positive precipitation trend at a

station in Valencia (central-southern zone) and a significant negative precipitation

trend at a station in Bilbao (northern zone) during winter (October to March) for the

period 1910-2000. Furthermore, Lopez-Bustins et al. (2008) explained, a precipitation

decrease in the Bay of Biscay due to a decrease in the WeMOi, as in this region the

WeMOi and the precipitation are positively correlated. Pereira et al. (2021) concluded

that precipitation generally decreased from 1950 to the first decades of the 21st

century over the IP, but the extreme precipitation increased. A regionalised study

by Senent-Aparicio et al. (2023) noted a significant annual precipitation decrease

over parts of Eastern, Southern and Central Spain and a significant increase over

parts of Galicia and Asturias from 1951 to 2019. These results differ from ours and

others cited above, which may be because these authors calculated the precipitation

trend averaged over the whole of Spain (Pereira et al. 2021), or over each grid point

(Senent-Aparicio et al. 2023), and even for a different period.
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(a)

(b)

Figure 3.10: Temporal evolution of annual mean values of the WeMOi (black), precipitation
(grey), and the moisture contribution to precipitation from the MEDT (blue) and the NATL
(red). Period: 1980-2015. Dashed lines show the trend line with the slope number in the
legend. (a) Represents the northern zone of the IP and (b) represents the central-southern
zone of the IP, note the different scales.

The spatial representation of the precipitation and moisture contribution trend

from figure 3.11 provides more information about the role of each source of moisture

during the study period. We found the strongest negative precipitation trends over

the northwestern IP and the Bay of Biscay, and the strongest positive precipitation

trends over the coast of Asturias and northeastern Portugal (Fig. 3.11a). Weaker

negative trends were found over the southern coast of Portugal, the Central IP, the

southwestern Pyrenees and much of Cataluña. In addition, there are positive trends

along the coast from Lisbon to Southern Galicia, the Southern IP, the southeastern

Pyrenees and over large parts of the central-southern zone. The trend patterns of

Senent-Aparicio et al. (2023) are somewhat consistent with our results, although differ

concerning the significant areas and Galicia.
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Visually, it can be summarized that the overall moisture contribution to precip-

itation from the MEDT increased less than from the NATL. Figure 3.11b describes

slightly and mostly non-significant positive trends in the moisture contribution from

the MEDT along the Mediterranean coast of the IP. Figure 3.11c shows stronger posi-

tive trends in the moisture contribution from the NATL, with maxima in the eastern

and northwestern coasts and the southwestern area of the IP. The positive precipitation

trends over the Southern IP are consistent with the increase in moisture contributions

from the MEDT and NATL over this area. It should be noted that the precipitation

trends over the IP do not always have to coincide with the trend of the contribu-

tion from the NATL and the MEDT, as seen in figure 3.10a. A better comparison of

trends would be made by comparing the precipitation trend and the total moisture

contribution from oceanic and terrestrial sources.

Furthermore, WeMO(+) phases lead to more precipitation over the northern IP

and WeMO(−) phases lead to more precipitation over the central-southern IP, as seen

in figure 3.8a. Thus, a negative WeMOi trend is associated with less precipitation in the

north and more precipitation in the south. Moreover, during the WeMO(−) phases, the

southwestern IP receives more moisture from the NATL and the Mediterranean coast

of the IP receives more from the MEDT compared to other periods. Therefore, the

positive trends of figures 3.11b,c over these regions are consistent with a WeMOi(−)

trend of figure 3.10. Insua-Costa et al. (2022) performed a trend analysis for moisture

transport from the MEDT and NATL for each season, and their observations can be

explained by a decreasing WeMOi.

3.4.4 Extreme precipitation

Former studies have shown that overall precipitation patterns have decreased in recent

years, while the trend of extreme precipitation (EP) has increased over the IP (Pereira

et al. 2021; Senent-Aparicio et al. 2023). Additionally, the WeMO has been linked to

EP over the Iberian Peninsula (Merino et al. 2016; Lopez-Bustins et al. 2020). This

section analyses the relationship between daily EP and different WeMO phases. In

more detail, this assessment focuses on the number of days with EP and the area

occupied by EP in the northern and central-southern zones during positive (WeMOi

≥ 1), negative (WeMOi ≤ 1) and neutral (−1 <WeMOi< 1) WeMO conditions.

Figure 3.12 shows the number of days with EP over the IP, expressed in per-

centage, during months under a WeMOi(+) and a WeMOi(−), concerning the total

number of days with EP. It was found that during a WeMOi(+), the northern zone

of the Iberian Peninsula is more affected by EP, in particular, the coastal part of the

Bay of Biscay (Fig. 3.12a). In contrast, during a WeMOi(−), the central-southern
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(a)

(b) (c)

Figure 3.11: Monthly trend of (a) precipitation, and the moisture contribution to precipita-
tion from the (b) MEDT and the (c) NATL. Period: 1980-2015. Solid/dashed lines indicate
the northern/central-southern zone and pointed lines indicate statistically significant trends,
note the different scales.

zone is more affected by days with EP, particularly the Mediterranean coast and

the southwestern part of the peninsula (Fig. 3.12b). This observation is consistent

with the pattern found by Merino et al. (2016), except for Galicia, as well as with

the positive correlation between the precipitation and the WeMOi in the northern

zone and a negative correlation in the central-southern zone, as seen in figure 3.8a.

Furthermore, Lopez-Bustins et al. (2020) also found an increase in the number of

torrential precipitation events during WeMOi(−) periods in Eastern Spain.

The monthly distribution of the average number of days with EP during

WeMOi(+/−/0) phases, indicates that the northern zone is more affected under a We-

MOi(+), while the central-southern zone is more affected under a WeMOi(−), which is

supported by Merino et al. (2016). Over the northern zone, the number of EP events

peaks during the late autumn and early winter months in comparison with other sea-

sons, as can be seen in figure 3.13a. This finding is supported by Cardoso Pereira et al.

(2020), who also observed a higher number of EP events during winter than during

other seasons in the northern IP.

In the central-southern zone, the season cycle is not as simple as for the
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(a) (b)

Figure 3.12: Percentage of days with EP (those with precipitation exceeding the 99th
percentile) during (a) WeMOi(+) and (b) WeMOi(−) phases, with respect to the total number
of EP days over the IP for each grid cell. Period: 1980-2015. Solid/dashed lines indicate the
northern/central-southern zone.

northern IP. Figure 3.13b shows a main peak in late autumn and early winter

(November-December) and a secondary peak in late spring (May) of EP events during

a WeMOi(−). This can be attributed to the commonly torrential rainfall events

during spring and autumn in the Eastern IP (Martin-Vide and Lopez-Bustins 2006;

Lopez-Bustins et al. 2020; Cardoso Pereira et al. 2020), where the WeMO plays a

major role (Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins et al. 2020). The

main peak of EP events under WeMOi(+/0) conditions is slightly earlier (October)

than under a WeMOi(−). Differences in the number of EP days between WeMOi(+)

and WeMOi(−) conditions are more pronounced in the central-southern zone and in

winter. This can be explained by a generally stronger influence of the WeMO(−) in this

zone, particularly during winter (Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins

et al. 2008; Lopez-Bustins and Lemus-Canovas 2020).

The monthly distribution of the mean area (in percentage) occupied by EP over

the northern and central-southern zones (Fig. 3.14), was also determined. For the

northern zone (Fig. 3.14a) the average area occupied by EP during a WeMOi(−) is

slightly greater than during aWeMO(+/0). In addition, from the beginning of the rainy

season (September) to the last month of the year, the major average area occupied by

EP occurred under the influence of a WeMOi(−). This result does not seem to agree

very well with that described in figure 3.13a, which observes more EP events under

WeMOi(+) in the northern zone all year. Therefore, it can be suggested that the events

under the influence of a WeMO(−), although fewer in number, occupy on average a

larger area. However, it may also be conditioned by the calculation process. Since we

used daily precipitation data and the monthly WeMOi, we categorised EP according

to the different WeMO phases based on the months they occurred. Subsequently, an

arithmetic mean was calculated for each month and the different WeMO categories,

influenced by the number of events and the area occupied by each one.

Despite this, the monthly evolution of the occupied area under the three WeMO
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(a)

(b)

Figure 3.13: Average number of days with EP per month during the WeMOi(+/−/0) in
the (a) northern zone and (b) central-southern zone. Period: 1980-2015. Note the different
scales.

categories roughly represents the seasonal cycle of the EP days illustrated in figure

3.13a. However, a stronger difference between the mean areas during the WeMOi(+)

and WeMOi(−) was found in the summer (July-August), when the highest mean areas

of EP were observed for the WeMOi(+) phases (Fig. 3.14a). This is explained by

the stronger influence of the WeMO(+) over this area and during summer, while the

influence of the WeMO(−) is weaker over this area and during summer. This is also

described by former studies. Lopez-Bustins and Lemus-Canovas (2020) found generally

a dominant positive WeMO pattern during summer and a dominant negative WeMO

pattern during winter, due to the decrease of the WeMO(−) influence during spring and

summer, while the WeMO(+) influence only decreases during spring (Martinez-Artigas

et al. 2021). Moreover, Merino et al. (2016) and Martinez-Artigas et al. (2021) reported

a generally stronger influence of WeMO(+) conditions than WeMO(−) conditions over

the northern IP, which additionally can be seen in figure 3.8a.

Over the central-southern zone of the IP (Fig. 3.14b), the mean area values reveal a

clearer seasonal cycle than over the northern one, with a minimum in July and August.

This can be explained by the weaker influence of the WeMO(−) during summer (Merino
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et al. 2016; Martinez-Artigas et al. 2021; Lopez-Bustins et al. 2020; Lopez-Bustins and

Lemus-Canovas 2020).

Annually, the area of EP occupied under WeMO(−) conditions is slightly greater

than under a WeMO(+/0). However, the average monthly area during WeMOi(−)

conditions exceeds those during WeMOi(+) conditions only in 6 months (September,

November, January, March and April). In contrast to the northern zone, the differ-

ences between the mean areas under WeMOi(+) and WeMOi(−) conditions in the

central-southern zone are generally greater in winter. It should be noted that in Oc-

tober and December, a higher mean area was found under a WeMOi(+), and not

under a WeMOi(−) as expected. No literature was found to support this result. As

already mentioned for the northern zone, these unexpected results may be caused by

the calculation process and the fact that we used the monthly WeMOi for the daily

EP.

(a)

(b)

Figure 3.14: Mean area occupied by EP per month (in percentage) during the
WeMOi(+/−/0) in the (a) northern zone and (b) central-southern zone. Period: 1980-2015.
Note the different scales.
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3.4.5 |(E −P ) < 0| for extreme precipitation and the WeMO

Furthermore, we computed the seasonal moisture contribution from each source for

the areas occupied by EP events. The results, in figure 3.15, show the distribution

of the moisture contribution to the extreme precipitation from each source over the

northern and central-southern IP, concerning the total contribution (sum of the three

sources), for the different seasons. In addition, changes in the moisture supply from

these sources under WeMOi(+/−) conditions are displayed in figure 3.16.

As demonstrated in figure 3.9, once more, the NATL contributes the greater part

of the moisture to the extreme precipitation over the northern and central-southern

zones for all seasons (≥ 73.0%), with its peak in the northern IP in summer (97.1%).

Concerning the importance of moisture contribution to EP the NATL is followed by

the MEDT and the IP for both zones and all seasons. This is supported by former

studies. Vázquez et al. (2020) reported that throughout the year the NALT is the

main source of EP over the IP, excluding the Mediterranean coast. Additionally, it

was found that during peak precipitation months, the NATL plays the primary role of

moisture source to precipitation over most of the IP. However, over the Mediterranean

coast, the major source is the MEDT (Nieto et al. 2019; Vázquez et al. 2023). They

also reported a switch of the MEDT and NATL sources concerning the role of the

second most important source over most of the IP, except over the western IP, where

it is the Gulf of Mexico and the Caribbean Sea (included in our NATL source). To

confirm this, a spatial analysis is currently underway.

Furthermore, our analysis revealed that for the northern IP, the MEDT plays a

more important role as a moisture source during winter and spring (approximately

25%) than during summer and autumn (≤ 6.7%). Conversely, its importance for the

central-southern IP is more balanced throughout the year (15.1-19.8%), except for

spring. Later could be explained by the importance of the Mediterranean moisture

source for EP in the eastern IP, which was reported in various articles (Nieto et al.

2019; Cloux et al. 2021; Insua-Costa et al. 2022; Vázquez et al. 2023). It appears that

the importance of the MEDT is lower for all seasons over the central-southern zone

than for winter and spring over the northern zone. Although, as mentioned in section

3.4.2, this is due to the relative analysis. However, in absolute values the highest

|(E − P ) < 0| for EP from the MEDT is during JJA over the central-southern IP

(7.8e−3 mm day−1), followed by MAM over the northern IP (4.9e−3 mm day−1) and

by SON over the central-southern IP (3.3e−3 mm day−1).

Furthermore, the IP source itself plays a stronger role for the EP over the central-

southern zone than over the northern one, with its highest importance during autumn

for both zones (2.8% over the northern zone and 9.8% over the central-southern
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zone). This was already observed in figure 3.9. However, in difference to the results

from figure 3.9, in this analysis the IP contributes greater moisture to the EP also in

absolute values during autumn concerning the other seasons (0.4e−3 mm day−1 over

the northern IP and 2.1e−3 mm day−1 over the central southern IP, Fig. S3.5)

(a)

(b)

Figure 3.15: The mean moisture contributions to extreme precipitation (in percentage)
from the MEDT (red), the NATL (blue) and the IP (green) to the IP. Period: 1980-2015.
For winter (DJF), spring (MAM), summer (JJA) and autumn (SON), averaged over the (a)
northern zone and (b) central-southern zone.

In terms of seasonal changes during the WeMO(+/−) phases (Fig. 3.16), dur-

ing DJF in the northern and central-southern zone, the moisture contribution from

the MEDT experienced a great reduction under the influence of the WeMO(+). At

the same time, under a WeMOi(−), the MEDT increases its contribution drastically,

principally in the central-southern zone. This is in agreement with the predominant

moisture flux direction (Fig. 3.7a,b). In addition, the MEDT moisture source reveals

great negative and drastic positive anomalies during positive and negative WeMO con-

ditions in autumn over the northern zone, and in spring over the central-southern zone.

Indeed, it has been demonstrated that WeMO(−) phases have a stronger influence on

precipitation increase during winter over the central-southern zone, and during au-

tumn over the northeastern IP (Martin-Vide and Lopez-Bustins 2006; Lopez-Bustins

and Lemus-Canovas 2020; Lopez-Bustins et al. 2020; Martinez-Artigas et al. 2021).

Consequently, when WeMO(−) phases get more frequent, the moisture transport from
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the MEDT increases. Furthermore, |(E − P ) < 0| from the MEDT decreases during

a WeMOi(+) for both zones and all seasons. For the central-southern zone, the val-

ues are fairly constant (−74.1 to −90.5%). Once more this can be explained by the

WeMO(+) induced northwesterly atmospheric flow (Martin-Vide and Lopez-Bustins

2006; Lopez-Bustins et al. 2020; Martinez-Artigas et al. 2021), inhibiting the moisture

flux from the MEDT.

The NATL moisture source for the IP changes less in percentage than the MEDT

and IP during different WeMO phases. Thus, a weaker influence of the WeMO on the

NATL moisture source for extreme precipitation could be assumed. However, a small

increase in the contribution of the predominant source could play a more important

role in the occurrence of EP than a large increase in the contribution of a source

that climatologically contributes little moisture to the region. Positive changes in the

NATL contribution can be observed over the northern IP under all WeMOi(+) and

WeMOi(−) conditions, except for SON under a WeMOi(+), and negative ones over

the central-southern IP, except for JJA. Furthermore, during summer and autumn, it

can be observed that |(E − P ) < 0| from the IP changes more with different WeMO

conditions for both zones. However, no WeMO related pattern can be observed for the

NATL and IP sources for extreme precipitation.
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(a)

(b)

Figure 3.16: Changes in the mean moisture contributions to extreme precipitation (in
percentage) from the MEDT (red), the NATL (blue) and the IP (green) to the IP. Period:
1980-2015. For winter (DJF), spring (MAM), summer (JJA) and autumn (SON), averaged
over the (a) northern zone and (b) central-southern zone.
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Chapter 4

Conclusions
In this study, we analysed, for the first time, the impact of the Western Mediterranean

Oscillation (WeMO) on the moisture contributions from the North Atlantic Ocean

(NATL) and the Mediterranean Sea (MEDT) to the precipitation patterns over Europe,

for the period 1980-2018. Furthermore, it was studied in greater detail for the Iberian

Peninsula (IP), including days with Extreme Precipitation (EP) and the contribution

from the IP itself, as an additional moisture source, for 1980-2015. The Lagrangian

FLEXible PARTicle dispersion model (FLEXPART) v9.0 was used to track the air

masses forward in time from the source regions and to compute their contribution to

the precipitation over the target regions, based on the negative values of integrated

moisture loss in the budget of |(E − P ) < 0|. In addition, various datasets were used

to reach the aims of this study. After applying different mathematical and statistical

analyses, various results were found, of which the most important are summarised and

listed below:

• Precipitation over Europe is mostly positively correlated with the WeMOi,

except for the central-southern IP, where an opposite linear relationship was

found.

• The moisture contribution to precipitation from the MEDT is negatively

(positively) correlated with the WeMOi over western (eastern) Europe. A similar

correlation pattern as for the precipitation was obtained for the NATL moisture

contribution, although it reveals less area with a negative relationship over the

central-southern IP.

• The seasonal anomalies in the moisture contribution from the MEDT and

NATL during positive WeMO phases generally lead to more precipitation over

the areas from western-central to Eastern Europe, including the northern IP,

parts of the Italian Peninsula and the Balkans.

• The seasonal anomalies in the moisture contribution from the MEDT and

NATL during negative WeMO phases are related to more precipitation over the

Western Mediterranean coast, including the Southern and Eastern IP.

• The WeMO has a stronger influence during autumn and winter, but the

spatial configuration and sign of precipitation and |(E −P ) < 0| anomalies from

the MEDT and NATL do not change significantly between different seasons.
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• The response of precipitation over the IP to the influence of the WeMO(+/−)

defines two zones with differentiated behaviour, the northern and the central-

southern zone. A positive (negative) WeMO phase increases (decreases) the pre-

cipitation in the north (centre-south).

• For precipitation, as well as for the EP in both zones, NATL is the main

source of moisture in all seasons, regardless of the WeMO phase.

• We found a statistically significant negative WeMO trend for the period 1980-

2015. This is accompanied by a negative precipitation trend, a negative |(E −
P ) < 0| from the MEDT trend and a statistically significant positive |(E−P ) < 0|
from the NATL trend over the northern zone of the IP. In addition, the analysis,

over the central-southern zone of the IP, resulted in positive trends for all three

variables.

• The WeMO explains the frequency of occurrence of EP days better than

the area they occupy. In the northern IP, more days with extreme precipitation

take place during WeMO(+), while in the central-southern IP, it occurs during

WeMO(−), particularly in winter.

• The moisture contribution to extreme precipitation from the MEDT changes

more than from the NATL or the IP, regarding the different WeMO phases .

The above listed results reveal and confirm that the WeMO plays a relevant impact on

moisture transport from the MEDT and NATL, and consequently to the precipitation

over Europe, particularly the IP. The analysis carried out over more than 30 years

ensures reliable results, and contributes to the understanding of the ocean-atmosphere-

land interaction, and thus of the hydrological cycle on our planet. It also provides

important information for weather and climate prediction, supporting environmental

and socio-economic activities. To continue and deepen this work, we plan to investigate

the behaviour of WeMO in future scenarios under climate change conditions. This will

allow us to determine its role in possible changes in moisture transport from the sources

compared to the historical period and the impact on the precipitation over Europe. In

addition, we also plan to consider other modes of climate variability. Future studies of

the WeMO and extreme precipitation events should consider the daily WeMOi.
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The Mediterranean climate change hotspot in the CMIP5 and CMIP6 projections.

Earth System Dynamics, 13 (1), 321–340, doi:10.5194/esd-13-321-2022.

Dee, D. P., et al., 2011: The ERA-Interim reanalysis: configuration and performance of

the data assimilation system. Quarterly Journal of the Royal Meteorological Society,

137 (656), 553–597, doi:10.1002/qj.828.

41



42 BIBLIOGRAPHY

Devanand, A., et al., 2024: Australia’s Tinderbox Drought: An extreme natural

event likely worsened by human-caused climate change. Science Advances, 10 (10),

eadj3460, doi:10.1126/sciadv.adj3460.

Dirmeyer, P. A. and K. L. Brubaker, 1999: Contrasting evaporative moisture sources

during the drought of 1988 and the flood of 1993. Journal of Geophysical Research:

Atmospheres, 104 (D16), 19 383–19 397, doi:10.1029/1999JD900222.

Dirmeyer, P. A. and K. L. Brubaker, 2006: Evidence for trends in the North-

ern Hemisphere water cycle. Geophysical Research Letters, 33 (14), doi:10.1029/

2006GL026359.

Dong, B., R. T. Sutton, T. Woollings, and K. Hodges, 2013: Variability of the North

Atlantic summer storm track: mechanisms and impacts on European climate. Envi-

ronmental Research Letters, 8 (3), 034 037, doi:10.1088/1748-9326/8/3/034037.

Egger, A. E., 2003: The Hydrologic Cycle: Reservoirs and fluxes

of water on Earth. Visionlearning Vol. EAS-2 (2), Accessed online

at: www.visionlearning.com/en/library/Earth-Science/6/The-Hydrologic-

Cycle/99/reading on June 13, 2024.

European Environment Agency, 2021: Water resources across Europe – Confronting

water stress: an updated assessment. Publications Office of the European Union,

doi:doi/10.2800/320975.
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Supplementary Material

Figures

(a) (b)

(c) (d)

Figure S3.1: Anomalies of precipitation during SON (top) and MAM (bottom) under the
influence of positive (left column) and negative (right column) of WeMOi phases, 1980-2018.
Dashed/solid black lines delimit areas with statistically significant (p < 0.05) values.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure S3.2: Anomalies of the moisture contribution to precipitation from the MEDT and
NATL during WeMOi(+/−). Period: 1980-2018. The left column represents anomalies dur-
ing WeMOi(+) and the right column represents anomalies during WeMOi(−). (a,b) represent
the DJF anomalies on the contribution from the MEDT and (c,d) from the NATL. (e,f) rep-
resent the JJA anomalies on the contribution from the MEDT and (g,h) from the NATL.
Dashed/solid black lines indicate statistically significant (p < 0.05) values.
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(a) (b)

(c) (d)

Figure S3.3: Anomalies of the VIMF during DJF (top) and JJA (bottom) under the
influence of positive (left column) and negative (right column) of WeMOi phases, 1980-
2018. Dashed/solid black lines delimit VIMF divergence areas with statistically significant
(p < 0.05) values, arrows indicate VIMF anomalies.

(a)

(b)

Figure S3.4: The mean moisture contributions to precipitation (in percentage) from the
MEDT (red), the NATL (blue) and the IP (green) to the IP. Period: 1980-2015. For winter
(DJF), spring (MAM), summer (JJA) and autumn (SON), averaged over the (a) northern
zone and (b) central-southern zone.
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(a)

(b)

Figure S3.5: The mean moisture contributions to extreme precipitation (in percentage)
from the MEDT (red), the NATL (blue) and the IP (green) to the IP. Period: 1980-2015.
For winter (DJF), spring (MAM), summer (JJA) and autumn (SON), averaged over the (a)
northern zone and (b) central-southern zone.
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