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Abstract: The influence of large-scale climate variability on winter river discharge and precipitation
across western Europe is investigated. We analyze 60 years of monthly precipitation and river flow
data from 18 major western-European rivers and its relationship with dominant teleconnection
patterns and climate indices in this region. Results show that winter river flow is characterized by
large interannual variability, best correlates with (a) the North Atlantic Oscillation (NAO) at the
far-northern (R up to 0.56) and southern latitudes (R up to —0.72), and (b) the West Europe Pressure
Anomaly (WEPA) at the middle and northern latitudes, from 42° N to 55° N (R up to 0.83). These
indices also explain the interannual variability in autumn and spring discharge in rivers characterized
by secondary floods. Compared to the other leading modes of atmospheric variability, WEPA
increases the correlations with winter precipitation up to 0.8 in many regions of western and central
Europe. A positive WEPA corresponds to a southward shift and an intensification of the Icelandic-
Low/Azores-High dipole, driving enhanced precipitation and river discharge in these regions. The
correlations with precipitation are slightly higher than those with river discharge, particularly in
France, with clear latitudinal gradient. This trend suggests that water storage variability and other
catchment characteristics may also influence the interannual variability of river discharge. Seasonal
forecasting of the WEPA and NAO winter indices can become a powerful tool in anticipating
hydrological risks in this region.

Keywords: multidecadal variability; river discharge; precipitation; climate indices; NAO; WEPA;
western Europe

1. Introduction

The variations in water resources and hydrological variables on timescales of years to
decades has become a critical issue because of water scarcity and the growth of global water
demand [1,2]. In this context, it is essential to link local river streamflows with large-scale
climate patterns of oceanographic and atmospheric variability; this is critical to predicting
the evolution of the hydrological and ecological functioning of rivers [3], and therefore to
improving the management of water resources and hydrological hazards [4,5].

Climate variability on interannual-to-multidecadal timescales, which refers to fluctua-
tions in the climate system around the long-term trend, mostly results from the coupled
interactions between oceanic and atmospheric components. Teleconnection patterns can ex-
plain this variability at global scale (e.g., [6]). Discharge records for major rivers around the
world show multidecadal fluctuations linked to such large-scale climate patterns (review
in [7]). For example, the El-Nifio-Southern Oscillation (ENSO), which is a major driver of
temperature and precipitation variability in the Pacific region, correlates well with river
discharge in this region and beyond [8-12]. Chiew and McMahon [13] found a strong and
consistent ENSO-discharge teleconnection in Australia and New Zealand, and Central and
South America, as well as a weaker signal in some parts of Africa and North America.
According to Ward et al. [9], floods are significantly longer during both El Nifio and La
Nifia years at the global scale, compared to neutral years.
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The large-scale atmospheric circulation over the North Atlantic has long been recog-
nized as a critical driver of climate variability in Europe [14]. The North Atlantic Oscillation
(NAO) is considered the dominant mode of decadal to interdecadal climate variability in
this region [15], as shifts in the NAO phases change wind strength and direction, redis-
tributing heat and moisture fluxes [16,17]. The NAO is known to influence precipitation,
and consequently streamflow, over the Mediterranean basin, especially in Central Euro-
pean [18,19] and middle Eastern rivers [20,21]. During the positive phase of the NAO,
which reflects an intensified Atlantic stream associated with a northward shift of storm
tracks, flood occurrence increases in northern Europe while the opposite is observed in
southern and eastern Europe [22]. In contrast, the links between hydrological variables and
climate indices in western Europe are much less clear. Trigo et al. [23] and Lorenzo-Lacruz
et al. [24] found that the winter NAO modulates the winter streamflow variability on the
Iberian Peninsula. However, Giuntoli et al. [25] pointed out that France seems to be located
in an area of weak influence of the winter NAO, after observing very little correlation
between it and drought severity. Several studies have used wavelet analysis in attempts
to find coherence between the temporal modes of variability of the winter NAO and the
discharges of French rivers [26-28], but no strong correlations were highlighted. In the case
of the United Kingdom, Burt and Howden [29] demonstrated a strong positive correlation
between the winter NAO index, and river discharge and precipitation on the northwest
coast, but a lower correlation in the rest of the country. In these previous studies, the winter
months NAO index (DJFM) is most often used and related to interannual variations of river
discharge, while summer NAO controls flash flood and droughts [30]. To our knowledge,
there are no holistic studies at the scale of western Europe that have systematically investi-
gated the links between climate variability, through all existing dominant teleconnection
patterns in the region, and streamflow variability.

Natural modes of climate variability have a strong effect on rainfall, temperature, and
storm tracks and intensity but also on wave energy propagating to the coast (e.g., [31]),
and on the marine and terrestrial biosphere [32]. Winter mean wave energy has long been
known to strongly and positively correlate with the NAO at the most northernly latitudes
of the Atlantic coast of Europe [33]. However, this correlation drops off dramatically south
of Ireland [34], which is similar in pattern to river discharge. A new climate index was
developed by Castelle et al. [34], called the West Europe Pressure Anomaly (WEPA), which
outperformed the conventional teleconnection indices, such as the NAO, Scandinavia
(SCAN), and East Atlantic (EA) indices, in explaining the variability in winter wave height
on the Atlantic coast of Europe, from Portugal to the UK (52° N). In line with the Hurrell
definition of the NAO index as the gradient of normalized sea-level pressure between
the Reykjavik station (Iceland) and a southern station (e.g., Lisbon, Portugal) [16], the
WEPA index is defined as the normalized gradient of sea-level pressure between Valentia
(Ireland) and Santa Cruz de Tenerife (Canary Islands, Spain) stations. A positive WEPA
corresponds to a southward shift and an intensification of the Icelandic-Low / Azores-High
dipole across the northeast Atlantic, driving severe storms and high-energy waves toward
the Atlantic coast of Europe, south of 52° N [34]. Interestingly enough, WEPA was the only
climate index able to capture the 2013/2014 winter, characterized by remarkable temporal
and spatial clustering of extreme storms [35], driving widespread flooding in the west of
Europe [36]. However, the link between the WEPA and river discharge, particularly in
regions where information on correlation with all teleconnection patterns is lacking, has
never been investigated.

The aim of this paper is to explain the multidecadal variability of river discharge
and precipitation in western Europe, particularly during the wet season, and its link with
climate variability. This study is based on an analysis of 60-year monthly precipitation
and river flow data from 18 major western European rivers and its relationship with
11 climate indices. The correlations between winter river discharge and the climate indices
are presented first. The interannual variability in seasonal river discharge is then analyzed,
followed by analysis and discussion of the precipitation data.
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2. Materials and Methods
2.1. Study Sites

Eighteen rivers were selected covering the west of Europe (10° W-7° E, 36° N-50° N),
from Scotland in the north to southern Spain (Figure 1b—d, Table 1), according to two
criteria: (1) availability of river-flow time series covering a common period between the
1950s and the present, recorded close to the outlet; (2) major basins were prioritized. Table 1
lists the main characteristics of the river basins, the gauges used in this study and the
winter mean (DJFM) river discharge.

1.024

0 100 Km
L

Figure 1. (a) Winter-averaged sea-level pressure (SLP) in the northeastern Atlantic Ocean. Dark-gray
and light-gray circles indicate the North Atlantic Oscillation (NAO) and West Europe Pressure
Anomaly (WEPA) indices, respectively, defined as the normalized gradient of sea-level pressure
between two given stations. (b—d) Location of the eighteen rivers under study (Table 1) and their
catchment boundaries (a) in United Kingdom, (b) France, and (c) Iberian Peninsula. Red dots indicate
the locations of river-flow gauges.

The UK rivers (Spey, Almond, Tyne, Trent, Severn, Wye, Thames, and Tamar) are
relatively shorter than the rivers in southwest Europe, and characterized by relatively
smaller basins (<14,000 km?) and weaker winter river discharges (9-147 m?3/s, Table 1). The
UK river-flow patterns are also less influenced by seasonal contrasts in precipitation and
snowmelt. However, the seasonal variability in temperature, and therefore in evapotran-
spiration, imposes a marked seasonality on river discharge, with maximum and minimum
values in winter and summer, respectively [37].

All the major French rivers, Seine, Loire, Rhone, Dordogne, Garonne, and Adour, were
selected. They are characterized by large river basins (from 16,820 to 117,500 km?), which
together cover approximately 70% of mainland France (Table 1). Consequently, winter
river discharges are relatively larger, with means from 138 m3/s for the small Adour basin
to 2050 m3/s for the large Rhone basin. These basins are characterized by a continental
climate in the upland regions, with snowy winters and warm summers. An oceanic climate
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influences the middle and lower regions of the Loire, Seine, Garonne, and Adour River,
characterized by moderate temperatures and heavy precipitations. The Rhéne is influenced
by a Mediterranean climate in its lower region [27,38]. Consequently, river flow varies
seasonally, with maximum and minimum values in winter and summer, respectively.
Nonetheless, the hydrological regimes can be complex. For example, the Garonne flow
shows a second peak around April [39] and the maximum flows of the Rhone expand from
November to March [27].

Four major Iberian rivers (Ebro, Douro, Tagus, and Guadalquivir) met the selection
criteria. They are characterized by large river basins (57,020-97,480 km?) and moderate
winter discharges (225-672 m3/s). In this region, the topography, together with large
atmospheric circulation patterns, lead to a northwest-to-southeast gradient in annual
precipitation. Basins in the northern section of the Atlantic watershed (Douro and Tagus)
have an abundant flow compared to the southern basins (Guadalquivir) [24]. In general,
the highly seasonal regime typical of the Mediterranean-Oceanic climate leads to maximum
flows in winter, and long and dry summer periods with low river discharge [23].

Table 1. Main characteristics of the 18 river basins under study.

Basin Area DJFM River Flow
River Gauging Station (10° km?, %) Data Gaps (1959-2018) (m>/s)
Total Upstream the Station Mean SD

1. Spey Boat o Brig 3.06 2.86 (93.5%) - 83.5 20.1

2. Almond Craigiehall 0.38 0.37 (98.4%) 2010 9.3 29
3. Tyne Bywell 2.88 2.18 (75.7%) - 67.5 17.1
4. Trent Colwick 10.39 7.49 (72.1/) - 124.7 36.6
5. Severn Saxons-Upton 11.42 6.85 (60%) - 147.2 44.3
6. Wye Redbrook 414 4.01 (96.9%) - 123.2 37.7

7. Thames Kingston 13.48 9.95 (73.8%) - 110.0 51.4
8. Tamar Gunnislake 0.96 0.92 (95.8%) - 38.2 10.7
9. Seine Poses/Vernon 76.24 65/64.6 (85.2%/84.7%) - 729.2 282.3
10. Loire Montjean 117.50 109.93 (93.6%) - 1428.8 536.9
11. Rhone Beaucaire 97.63 95.59 (97.91%) - 2049.2 502.2
12. Dordogne Lamonzie/Bergerac 24.07 14.29/14.04 (59.4%/58.4%) - 420.1 146.0
13. Garonne Tonneins 56.55 51.5 (91.1%) - 869.0 320.4
14. Adour St. Vincent de Paul 16.82 7.83 (46.6%) - 137.9 52.4
15. Ebro Tortosa 85.52 84.23 (98.5%) - 535.6 287.4
16. Douro Regua/Pocinho 97.48 91.5/81.29 (93.87%/83.4%) - 672.0 498.1
17. Tagus Santarem/Almourol 71.61 68.43/67.48 (95.6%/94.2%) 2008, 2015 611.52 502.4
18. Guadalquivir Alcala del Rio 57.02 46.13 (80.9%) - 225.4 263.1

2.2. Discharge, Precipitation, and Evapotranspiration Data

This work is based on monthly time series of river discharge from 1959 to 2018, the
common period of available data at all river gauges. Table 1 lists the selected gauges for
each river, together with the drained area at those locations. In the cases of the Seine,
Dordogne, Douro, and Tagus Rivers, interspersed data collected at two nearby gauges
were combined to cover the whole study period. In these cases, each pair of gauges
covered practically the same drained area (Table 1, differences less than 10%); there was
no significant difference between their common records (p > 0.05). There were only three
missing values in the entire river-discharge dataset: the year 2010 for the Almond River;
the years 2008 and 2015 for the Tagus River. The selected time series were extracted from
the UK National River Flow Archive, the French National database Banque Hydro, the
Portuguese Water Institute database, the Guadalquivir River Management Authority, and
the Ebro River Management Authority.

Monthly-mean precipitation between 1959 and 2018 and monthly-mean evapotran-
spiration between 1959 and 2012 for Europe and northern Africa come from the Climatic
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Research Unit (CRU) dataset [40]. This high-resolution (0.5° latitude by 0.5° longitude)
gridded dataset uses a dense network of observations. In particular, we use the monthly
rainfall and evapotranspiration anomalies extracted from The Global Climate Monitor [41],
which gives the difference from the 30-year average (1961-1990) for each month.

2.3. Climate Indices

The monthly teleconnection indices (NAO, EA, SCAND, WP, EP, PNA, WR, TNH, and
POL) are calculated by applying the Rotated Principal Component Analysis to monthly
mean standardized 500 mb height anomalies [42]. We used the normalized values provided
by the NOAA Climate Prediction Center. The NAO of Jones et al. [43], which uses Gibraltar
as the southern station, was also included, as it was used in prior works (e.g., [23]). The
West Europe Pressure Anomaly (WEPA) is calculated as the normalized difference of
sea-level pressure between Valentia (Ireland) and Santa Cruz de Tenerife (Spain, Figure 1)
using in situ station data collected from 1942 to 2019 (see [34] for details).

2.4. Methodology

Consistent with previous hydroclimate studies (e.g., [23,29,44,45]), this work focused
on the year-to-year variability in boreal winter streamflow, although monthly variabil-
ity was also explored. Winter averages of the normalized climate indices, normalized
river discharges, and grid-point precipitation and precipitation minus evapotranspiration
anomalies were calculated by averaging the values of the Boreal winter months (Decem-
ber, January, February, and March, DJFM) from 1959 to 2018 (60 winters). Correlations
between the time series of winter-averaged hydroclimatic variables and climate indices
were quantified through the Pearson correlation coefficient R.

3. Results and Discussion
3.1. River-Discharge Variability

Table 2 shows the R values for the correlation between the winter mean climate indices
and river discharges for the 18 river basins. The winter river-discharge variabilities in the
Spey and Almond Rivers in the UK, at the more northerly latitudes, were well correlated
with the NAO index (R = 0.56), and, in a lesser degree, with the SCAN index (R = 0.39-0.47);
these R values dropped off dramatically south of 56° N, that is, south of Scotland. The
WEPA index consistently showed the highest correlation with winter river discharge for the
English, Welsh, and French rivers (Table 2). The correlation with WEPA was particularly
strong for rivers in the middle and south of the UK, with R > 0.72; the correlation was
significant (p < 0.01). In this region, winter river discharge variability also has a significant
but weaker relationship with the EA (R = 0.46-0.59) and the POL index (R = —0.36——0.43),
except for the Thames Rivers.

French rivers were also characterized by a strong and significant correlation between
WEPA and winter river discharge (R = 0.41-0.66). A significant but moderate correlation
with the WR index (R = 0.27-0.38) was also found in this region. In contrast, there was an
overall poor correlation between winter river discharge and the winter NAO index.

On the Iberian Peninsula, winter river-discharge variability was significantly and
negatively correlated with NAQO, with R increasing from the north (R = —0.44——0.48 for
the Ebro and Douro Rivers) to the south (R = 0.72 for Guadalquivir). In contrast, the
relationship with WEPA and EA (significant for Douro and Tagus) decreased toward the
south in this region, from R = 0.43-0.48 for the Dour River in the north to R = 0.07-0.12 for
the Guadalquivir River in the south.

Therefore, the NAO and WEPA indices were the two main climate indices that best
explained winter river-flow variability in western Europe, with WEPA proving the greatest
R from 55° N (south Scotland) to 42° N (north Iberian Peninsula).



Water 2021, 13, 257 60f15

Table 2. Correlation R between winter-mean (DFJM) river discharge and winter-averaged teleconnection indices, including
the WEPA climate index. The strongest correlation for each river basin is highlighted in bold. * indicates statistically
significant correlations at p < 0.01.

River Basin Rwera Rnao RNAO (jones) Rga Rscan Rwp Rgp Rpna Rwr RNnH RroL
1. Spey 0.09 0.56 * 0.55* 0.20 —047* 0 0.1 0.09 —0.12 0.03 —-0.22
2. Almond 0.30 0.56 * 0.52* 0.45* —0.39* 0.12 0.13 0.26 —0.19 0 —041*
3. Tyne 0.52 * 0.37* 0.34* 0.46 * —0.18 0.10 0.21 0.20 —0.25 —0.04 —0.38 *
4. Trent 0.80 * 0.02 0.10 0.47 * 0.14 0.23 0.1 0.22 —0.34 * —0.07 —0.36 *
5. Severn 0.83 * 0.04 0.16 0.48 * 0.14 0.12 0.09 0.09 —0.34* —0.06 —0.36 *
6. Wye 0.83 * 0.24 0.31 0.59 * 0.03 0.16 0.14 0.15 —0.28 0.01 —0.40*
7. Thames 0.72 * —0.08 0.03 0.50 * 0.18 0.06 0.04 0.10 —0.26 0.08 —0.20
8. Tamar 0.83 * 0.22 0.26 0.46* 0.13 0.09 0.12 0.01 —0.46* 0.06 —0.43*
9. Seine 0.41* 0.28 * 0.23 0.19 —0.16 0.20 0.26 * 0.17 —0.27* —0.09 —0.30*
10. Loire 0.58 * —0.05 —0.01 0.16 0.15 0.05 0.21 0.20 —0.38 * —0.12 —0.17
11. Rhone 0.64 * —0.15 —0.13 0.30 * 0.23 0.12 0.19 0.17 —0.34* —0.09 —0.25
12. Dordogne 0.66 * —0.10 —0.05 0.19 0.31* 0.05 0.20 0.17 —0.38 * —0.16 —0.16
13. Garonne 0.56 * —0.21 —0.19 0.05 0.45* —0.04 0.22 —0.02 —0.30 * —0.12 —0.01
14. Adour 0.63 * —0.06 —0.05 0.11 0.39 * —0.01 0.23 0.02 —0.36 * —0.08 —0.13
15. Ebro 0.27 * —0.44* —0.31 —0.02 0.30 —0.18 0.20 —0.01 —0.08 —0.15 0.20
16. Douro 0.48 * —0.48 * —0.40* 0.43* 0.31* 0.04 0.08 0.08 —0.14 —0.08 —0.01
17. Tagus 0.31* —0.57 * —0.45* 0.31* 0.23 —0.02 0.01 —0.04 —0.04 —0.06 0.20
18. Guadalquivir 0.07 —0.72 % —0.60 * 0.12 0.17 —0.13 —0.05 —0.02 —0.04 —0.21 0.15

Figure 2 shows the temporal evolution of the normalized river discharge, WEPA
and NAO for nine rivers. WEPA showed a large interannual variability, consistent with
the alternating years of high and low discharge in the Welsh (e.g., Severn, Figure 2a),
English (e.g., Thames, Figure 2a), French (e.g., Seine, Garonne, Rhone, Figure 2c) and, to a
lesser extent, north Iberian (e.g., Douro, Figure 2e) rivers. Unlike NAO, WEPA (positive
phase) captured the years characterized by important flooding events in these regions: the
2013/2014 floods in the UK (Figure 2a), in which the Thames discharge reached its highest
peak on record [46,47]; the 2018 floods in France (Figure 2c) that flooded the city center of
Paris [48]. NAO also showed some low-frequency variations but was mainly characterized
by a marked trend toward the positive phase over the last few decades (Figure 2b,d,f). This
trend is in line with the general decrease of winter discharge of the Iberian rivers from the
1980s (Figure 2f). In these southern latitudes, positive NAO phases corresponded to lower
winter river discharges, while negative phases captured wet years (Figure 2f) such as 2010
that was characterized by dramatic floods in the Guadalquivir basin [49]. For rivers in the
north of the UK, the positive (negative) NAO phases captured many, but not all, wet (dry)
years (Figure 2b).

To gain further insight into the WEPA and NAO influences on the whole hydrological
cycle, Figure 3 shows the monthly river flows from October to September of the years
characterized by winters with positive (WEPA+/NAO+), neutral (WEPA0/NAQOO), and
negative (WEPA—/NAQO—) phases of each index, calculated by averaging the river flow in
the five years with the largest, closest-to-zero, and smallest values, respectively.

The Spey River in Scotland showed an obvious difference in river discharge for the
winter months (DJFM) only between the NAO— years (4465 m3/s) and the NAO+ years
(86-111 m3/s) (Figure 3a.1). In the case of the Welsh and English rivers, the differences
in mean river discharge between the WEPA — and WEPA+ years (Figure 3b.1-b.4) were
remarkable in the winter months, and notable also in the spring months (April, May).
For example, the mean discharge of the Thames River varied from 34 (WEPA—) to 234 m3/s
(WEPA+) in February; from 47 to 107 m3/s in April (Figure 3b.3).
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Figure 2. The 60—year time series of winter-averaged WEPA (a,c,e) and NAO (b,d,f) indices with superimposed normalized
winter discharge at nine rivers: (a,b) the Spey, Severn, and Thames in the UK; (c,d) the Seine, Garonne, and Rhone in France;
(e,f) the Douro, Tagus, and Guadalquivir in the Iberian Peninsula.
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Figure 3. Mean monthly river discharge for the years characterized by strong positive (+), neutral (0), or negative (—)
phases of the (a) NAO and (b) WEPA indices, calculated by averaging the discharges in the five years with the largest,
closest-to-zero, and smallest indices, respectively: (NAO+) 1989, 1995, 200, 2012, and 2015; (NAOO) 1961, 1967, 1973, 1976,
1982; (NAO—) 1963, 1964, 1969, 1977, 2010; (WEPA+) 1977, 1994, 2001, 2014, 2016, (WEPAO) 1958, 1959, 1967, 2010, 1984;
(WEPA—) 1953, 1976, 1992, 1993, 2005.
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This was also the case for the French rivers; other than the major differences in the
winter months (the mean discharge doubled between WEPA — and WEPA+ in most of the
rivers), mean discharge was also slightly higher for the WEPA+ years in the autumn and
spring months. This is related to the hydrological regime, characterized by secondary flow
peaks from precipitation and snowmelt in these periods (Section 2.1). The mean summer
discharge of the Seine and Loire Rivers was also slightly lower during the WEPA — years
(e.g., 177 m3/s for Seine) than during WEPA+ years (348 m3/s).

The mean river discharge of the Iberian rivers showed major changes between the
positive and negative NAO phases from January to May (Figure 3a.2,3). It is noticeable
that the differences in mean discharge between the NAO+ years (e.g., 958 m?/s for the
Guadalquivir in February) and the NAOO years (117 m?/s) were much greater than the
differences between the NAO— years (14 m3/s) and the NAOO years. WEPA can also
explain the differences in the Douro discharge between wet and dry years in the winter and
spring months. In summary, WEPA and NAO mainly control the multidecadal variability
in the winter river discharge, but can also impact, to a lesser extent, the hydrological
variability in the other seasons, depending on the hydrological regime of the river.

From a hydroclimatic point of view, western Europe can be divided into three regions:
river flow variability correlated with winter NAO in the southern and far-northern latitudes,
and with winter WEPA in the middle and northern latitudes, from 42° N to 55° N; this is
consistent with previous work. Burt and Howden [29] evaluated the interannual variability
of seasonal discharge at 86 river-gauge stations in the UK but only found strong correlations
with NAO at the northwest region for the winter discharges and, to a lesser extent, for
the spring discharges. Lorenzo-Lacruz et al. [24] found a significant response of river
discharge to the variability in the NAO index across the entire Iberian Peninsula in winter
and autumn, particularly in the Atlantic watershed. This result was corroborated by Trigo
et al. [23] for the Douro, Tagus, and Guadiana rivers. Chevalier et al. [27] found a strong
coherence between river discharges in the four main French basins (Seine, Loire, Garonne,
and Rhone), suggesting a common external forcing on hydrological variability They also
found common modes of variability at multidecadal scales between the NAO and river
discharge in these basins. However, the WEPA largely outperformed all the other climate
indices tested in the previous studies in explaining discharge interannual variability in
the UK and French rivers [22,26,27] and is the only index able to capture the wettest years.
All these previous studies agreed that the river-flow variability is a direct consequence of
the precipitation variability, which depends on the interannual shifts in the atmospheric
dynamics on the North Atlantic region [7,22,23,28,29,50,51].

3.2. Precipitation Variability

To help further understanding the climate influence on river discharge and precipita-
tion in western Europe, Figure 4 illustrates the spatial distribution of correlations between
the winter mean precipitation anomaly and the four main climate indices that best cor-
related with river discharge in this region (Table 2), the WEPA, NAO, SCAN, and EA
indices. The spatial patterns were consistent with the correlations found for winter river
discharge. NAO and SCAN showed higher R with winter precipitation in northern Europe
(up to 0.65 and —0.5, respectively, in Scotland). WEPA had the highest correlation in
middle-to-south UK (R increased southwards from 0.40 to 0.85) and in France (R decreased
southwards from 0.85 to 0.70); EA showed only moderate correlations in this region. On
the Iberian Peninsula, WEPA (R ~ 0.4-0.6) and NAO (R ~ —0.4-—0.6) explained winter
precipitation variability in the northwest, while NAO showed the highest correlation in the
south (R up to 0.75). These results confirm the robust relationship between river discharge,
precipitation, and the modes of large-scale atmospheric variability.
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Figure 4. (a-d) Spatial correlation of winter-averaged (DJFM) precipitation anomaly with winter-averaged (a) WEPA,
(b) NAO, (c) SCAN, and (d) EA. Dotted areas show statistically insignificant values (p = 0.05). (e—g) Spatial distribution of
the climate indices that best explain the variability of local winter precipitation (e) ignoring and (f) including WEPA, with
contours of the corresponding correlation coefficient R. (g) Corresponding spatial distribution of the increase (AR) in R
between (e) and (f).

The spatial correlations between these main climate indices and the precipitation
minus the evapotranspiration is given in Supplementary Materials. Results show similar
patterns than correlations with precipitation. The correlation with the NAO index in
the Iberian Peninsula and east of France was nonetheless enhanced. This is probably
due to the effect of air temperature on the evapotranspiration. According to previous
studies (e.g., [16,44,52]), the NAO explains the temperature variability over Europe by
the advection of heat and the modulation of short-wave and long-wave radiation by
cloud-cover variations.

The correlations with precipitation were slightly stronger than the corresponding
correlations with river discharge, particularly in France, and showed clear north-south
gradients. For example, the discharge of the Seine River had a lower correlation with
WEPA than the southern French rivers (Table 2) while the precipitation correlation in
France decreased toward the south (Figure 4a). The Thames River also broke the increasing
correlation gradient toward the south between WEPA and river discharge (Table 2). These
results suggest that water-storage variability and other catchment characteristics, such as
the altitude [29,37] can also impact the interannual variability of river discharge.

To further emphasize the importance of WEPA to the hydrological regime of the
western European rivers, Figure 4e—g shows the spatial distributions of the climate indices
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that best explain the winter precipitation variability in western Europe. The optimum
climate index was defined as the index with the greatest |R| related to the local winter
mean precipitation. Consistent with previous studies [22,23,29,51], if we disregard the
WEPA index (Figure 4e), the two optimum climate indices explaining winter precipitation
in western Europe were NAO (north of 56° N and south of 43° N) and EA. When WEPA
was included (Figure 4f), this index outscored the other three indices in the west of Europe,
from 41-42° N to 56° N. Compared to EA, WEPA had an increased correlation with
inter precipitation, up by 0.3 and 0.45 in South UK and France, respectively (Figure 4g),
corresponding in an increase of R locally exceeding 180%.

Given that most of the previous studies used the NAO index to explain the precip-
itation variability in these regions [28,53-56], Figure 5 shows the increase in R between
the correlations of NAO (Figure 4b) and WEPA (Figure 4a) with winter precipitation.
Compared to NAO, WEPA increased R by 0.8 in the southern UK, in the west of France,
and in southern Ireland. The correlation with WEPA was also slightly higher in the Alps
region (increase in R of up to 0.6), Belgium (up to 0.45), southern Germany (up to 0.30), the
Cantabrian coast (northern Spain, up to 0.50), Tunisia (up to 0.30), and Ukraine (up to 0.30),
which demonstrates that WEPA can also be used in these regions to address river-discharge
variability.

L S %"

12°W 0° 12°E 24°E 36°E

0 0.2 0.4 0.6 0.8
AR

Figure 5. Spatial distribution of the difference (AR) between the correlations of the NAO index and
the WEPA index with winter-averaged precipitation.

To further gain insight into the hydroclimate patterns for both WEPA and NAO,
Figure 6 shows the mean river-flow and precipitation anomalies for the years character-
ized by positive (WEPA/NAO+) and negative (WEPA/NAO—) phases of both indices,
calculated by averaging the five years characterized by the greatest and smallest values,
respectively. Storm tracks, SLP, and wind surface during these same years are available in
Castelle et al. [34] and help to provide physical insight into the atmospheric phenomenon.
During the NAO+ years, weaker and stronger river discharges were observed at southern
and northern latitudes, respectively (Figure 6¢). The opposite situation was observed dur-
ing the NAO— years (Figure 6d). The positive phase of the NAO has long been associated
with deep low-pressures crossing between Greenland and Scotland, higher W-SW wind
over 60° N [16,34], and stronger precipitation over the northern latitudes (Figure 6g) [16].
During the NAO— years, there was higher precipitation over the southern Europe and dry
winters in the north (Figure 6h) [50,51]. During the WEPA+ years, higher river discharges
were observed through all western Europe, particularly from 41° N to 56° N (Figure 6a).
As shown in Castelle et al. [34], the positive phase of WEPA reflects a southward-shifted
and intensified Icelandic-Low /Azores-High dipole driving increased W-SW winds near
45°N across the Atlantic Ocean, bringing wetter winters at these latitudes (Figure 6e).
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In contrast, during the WEPA — years, fewer storms [34], lower precipitation, and river
discharges were observed in this region (Figure 6b,f).

WEPA-
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Figure 6. (a—d) Winter-averaged river discharge and (e-h) precipitation averaged over the five years of the strongest positive
phases and of the strongest negative phases of the NAO and WEPA indices (details in the caption to Figure 3).

3.3. Implications and Future Work

The results of this study imply that the precipitation and river-discharge variability in
western Europe is strongly influenced by changes in atmospheric circulation, best described
by the WEPA index between latitudes 42° N to 55° N, and the NAO index below and above
these latitudes. These two indices have already demonstrated a strong ability to explain
ocean wave climate and coastal hazards along the Atlantic coast of Europe [57-61], and
could help understand and predict other hydrological variables in this region. Future works
linking river streamflow at regional or catchment scales with large-scale climate patterns
may consider water storage, orographic effects, and the effect of temperature to reduce
uncertainties. The outputs of this work could also help to understand and predict water-
related hazards such as flooding [7,62], drought [63]; river-bank erosion [64]; economical
parameters such as potential hydroelectricity production [23]; the variability in physico-
chemical parameters affected by river discharge such as turbidity [65]. Recent climate-
forecast systems have demonstrated improved seasonal predictions of the NAO [66-68].
The capacity of these climate models to forecast season-ahead winter WEPA and NAO
indices will be key to anticipating hydrological hazards and risks in this region, improving
the management of water resources.

4. Conclusions

The relationship between climate variability, described by leading climate indices, and
winter river discharge variability in western Europe was investigated for the period 1959-
2018. The relevance of the winter NAO index to explain the variability in winter river flow
in far-northern (Scotland) and southern (Iberian Peninsula) latitudes was confirmed, while
winter WEPA significantly outperformed all the other atmospheric modes in explaining
river discharge in northern (UK) and middle (France) latitudes (R = 0.41-0.83). WEPA
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and NAO are also the most relevant indices to explain precipitation in these regions.
WEPA increases the correlations with winter precipitation up to 0.8 in many regions of
western and central Europe. The positive phase of WEPA reflects an intensification of the
Icelandic-Low / Azores-High dipole, driving enhanced precipitation and river discharge in
these regions. The differences in river discharge between positive, negative, and neutral
phases of winter WEPA are also evident for autumn and spring river discharge. We
anticipate that WEPA is an essential index to understand hydrodynamic hazards in western
Europe. Further studies at regional or basin scales will allow considering specific catchment
characteristic such as the water storage variability and orography in order to further explore
the explanatory ability of this index for other seasons and other hydrological variables,
such as flood timing and duration.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-4
441/13/3/257/s1, Figure S1: Spatial correlation of winter-averaged (DJFM) precipitation minus
evapotranspiration anomaly with winter-averaged (a) WEPA, (b) NAO, (c) SCAN and (d) EA. Dotted
areas show statistically insignificant values (p = 0.05).
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