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ABSTRACT: This study analyzes the atmospheric variability that caused the largest floods affecting the town of Tortosa,
Spain, in the mouth of the Ebro River (northeast Iberian Peninsula). The Tortosa flood database and flood marks in the
nearby town of Xerta are used to define the more relevant flooding episodes (discharges .2900 m3 s21) of the 1600–2005
period. We explore the atmospheric variability based on low-frequency patterns and synoptic types applying a multivari-
able analysis to grids at sea level pressure and geopotential at 500 hPa provided by the twentieth-century V3 Reanalysis
Project for the instrumental period (since 1836). Output from the Last Millennium Ensemble Project was used to analyze
the sea level pressure over the pre-instrumental period (before 1836). Our analysis includes 33 flood episodes. Four synop-
tic types are related to floods in Tortosa since 1836, characterized by low pressure systems that interact with the Mediterra-
nean warm air mass and promote atmospheric destabilization. Flooding in Tortosa is related to relative high values of solar
activity, positive Northern Hemisphere temperature anomalies, and NAO in positive phase. This result indicates that the
major floods are related to zonal atmospheric circulations (west-to-east cyclone transfer). During winter, the main impact
of the floods is located at the western part of the basin, and the Pyrenean subbasins are affected during autumn. The major
finding is that similar flood behavior is detected since 1600, improving our understanding of past climates, enhancing the
knowledge base for some aspects and impacts of climate change, and reducing uncertainty about future outcomes.

SIGNIFICANCE STATEMENT: A total of 33 large floods (.2900 m3 s21) were registered since 1600 in Tortosa,
Spain, located at the mouth of the Ebro River (northeast Iberian Peninsula). They occur associated with low pressure
systems that interact with the Mediterranean warm air mass promoting atmospheric destabilization. The floods in
Tortosa are also associated with other important processes occurring at significantly longer time scales: high values of
solar activity, positive Northern Hemisphere temperature anomalies, and NAO in positive phase, indicating that the
major floods are related to zonal atmospheric circulations. The major finding is that we detect similar flood behaviors
since 1600, improving our understanding of past climates, enhancing the knowledge base for some aspects and impacts
of climate change, and reducing uncertainty about future outcomes.
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1. Introduction

A centennial-long analysis of floods is fundamental for ade-
quate hydrological hazard assessment. To reduce the uncer-
tainty of future projections, the IPCC (2014) promotes the
collection of instrumental and documentary climate and flood
data that covers extended periods. Natural and historical evi-
dence on actual severe and catastrophic floods is extremely
valuable for expanding the most extreme flooding phenomena

to a millennial time scale (Wilhelm et al. 2012; Schulte at al.
2019a). Identifying long-term flood series contributes to the
analyses of climatic and meteorological processes that natu-
rally govern heavy precipitation (Glur et al. 2013; Peña et al.
2015).

Because of progress made over the past two decades in
reconstructing historical flood events from natural archives
(sedimentary, fluvial, speleothem, and dendrochronological
records) and from documentary sources covering the past mil-
lennia, it is possible to analyze flood frequency and its links
with atmospheric variability (Ely et al. 1993, 1997 AU2; Benito et al.
1996, 2021; Frei et al. 2001; Sturm et al. 2001; Jacobeit et al.
2001, 2003, 2006; Ortega and Garzón 2004, 2009; Wanner et al.
2004; Llasat et al. 2005; Glur et al. 2013; Amann et al. 2015;
Peña et al. 2015; Schulte et al. 2015, 2019b; Ruiz-Bellet et al.
2015; Corella et al. 2016; Pino et al. 2016; Teale et al. 2017;
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Balasch et al. 2011, 2019; Wilhelm et al. 2012; Barriendos et al.
2019; Peña and Schulte 2020).

Based on flood marks and documentary accounts, Ruiz-
Bellet et al. (2015, 2016) and Balasch et al. (2019) investigated
the historical flood discharges in the Ebro River basin during
the last 400 years, obtaining the contribution of the main sub-
basins: upper Ebro, Cinca, and Segre. Hydrological features
such as flood magnitude, seasonality, complementarity of the
subbasin contributions, and the historical periods with highest
flood magnitude explain the hydrometeorological behavior of
the whole Ebro River basin, a first-order basin in the western
Mediterranean.

To improve meteorological forecasts of future floods, it is
crucial to identify meteorological patterns related to past
flooding events (Teale et al. 2017; Peña and Schulte 2020). An
area affected by flooding can be related to the size of the
meteorological system: regional-scale flooding might be asso-
ciated with synoptic-scale systems, while local flooding is
related to mesoscale systems. However, it is important to bear
in mind that these mesoscale systems are often embedded
within synoptic-scale systems in areas with heterogeneous
topography (Pino et al. 2016).

In the case of the lower Ebro catchment, the main meteoro-
logical features that cause catastrophic flood events, according
to previous works on the studied area and for other European
basins (Barriendos and Martı́n-Vide 1998; Llasat et al. 2005;
Wetter et al. 2011; Barriendos et al. 2014), are related to sur-
face, upper air synoptic, and some subsynoptic conditions,
mostly related to large-scale atmospheric patterns. According
to the literature, two kinds of events are identified: 1) events that
require a large forced lift, which occur near the Pyrenees (Llasat
and Puigcerver 1994) and are related to a Mediterranean
Sea region synoptic pattern, and 2) events with continuous
precipitation (3–30 days) affecting a large area of the basin
with an Atlantic Ocean origin (Balasch et al. 2019). Local
topographical and mesoscale meteorological conditions
turn out to play a relevant role in connecting both type of
events (Gilabert and Llasat 2018). The role of snowmelt is
important only in the western part of the Ebro basin
(Balasch et al. 2019).

The aim of this study is to analyze the atmospheric variabil-
ity connected with the most severe floods affecting the town
of Tortosa, Spain (seeF1 Fig. 1), located in the lower reaches of
the Ebro River, northeast Iberian Peninsula. We use the flood
database of Tortosa and the flood marks in the nearby town
of Xerta to define the major flooding episodes (peak dis-
charges greater than 2900 m3 s21) since 1600 (Balasch et al.
2019). The atmospheric variability is explored here by analyz-
ing low-frequency variability modes and synoptic types. For
this purpose, we apply a multivariable analysis to grids at sea
level pressure (SLP) and 500-hPa geopotential (Z500)
obtained from the Twentieth-Century Reanalysis project
(20CR, version 3; Compo et al. 2011; Slivinski et al. 2019).
Moreover, our study takes a novel approach previously tested
in midsize catchments in the Swiss Alps (Peña and Schulte
2020; Schulte et al. 2019b) and in southeastern Spain
(Sánchez-Garcı́a et al. 2019) to analyze the atmospheric vari-
ability related to flooding before 1836, when atmospheric

instrumental grid data are not available. To do so, we ana-
lyzed SLP for the Ebro basin as simulated by the National
Center for Atmospheric Research (NCAR) Community
Earth System Model–Last Millennium Ensemble Project
(CESM-LME; Otto-Bliesner et al. 2016).

2. Study area

We analyzed the atmospheric conditions during the floods
affecting the town of Tortosa (Fig. 1), located in the Ebro
River’s lower basin, only 40 km upstream from the river’s
mouth on the Mediterranean Sea. The Ebro River is 930 km
long and drains the northeastern part of the Iberian Peninsula
(Fig. 1a), which includes most of the southern side of the
Pyrenees Mountain range. The catchment area under study
represents 99% of the total Ebro basin area.

The river catchment is a Cenozoic foreland basin of the
Pyrenees with a northwest–southeast orientation. It is trian-
gular shaped and has an area of 85 534 km2, limited by the
Pyrenees to the north, the Iberian Mountain range to the
south, and the Catalan precoastal ranges to the southeast
(Figs. 1b,c). The average rainfall within the whole basin is
622 mm yr21 (period 1920–2000), with a strong altitudinal gra-
dient: 1000–1500 mm yr21 at the highlands and less than
400 mm yr21 in the center of the basin (Vicente-Serrano et al.
2007; Balasch et al. 2019).

The Ebro River basin can be divided into three main sub-
basins (Fig. 1c). The upper Ebro encompasses the western
area of the basin, from the headwaters to the city of Zaragoza.

FIG. 1. Location of the Ebro River basin (a) within Europe and
(b) within the Iberian Peninsula; (c) the main catchments and cities
mentioned in the text that are within the Ebro basin. Maps in
(a) and (b) are modified from the National Geographic Society
(copyright 2009); the map in (c) was drawn by D. Vericat (RIUS-
University of Lleida).
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Large peak discharges in this subbasin are linked to Atlantic
fronts that typically cause snowmelt and long-lasting rainfalls
during winter and spring. The second subbasin encompasses
the Segre–Cinca catchments (the two main tributaries of the
Ebro) on the southern side of the eastern and central Pyre-
nees. High peak discharges in this subbasin are caused by
either spring snowmelt or intense autumn precipitation lasting
few days. The middle and lower Ebro extends from Zaragoza
to the Mediterranean Sea, with the meager runoff of streams
coming from the eastern side of the Iberian Mountain range
and the northern slopes of the Catalan precoastal ranges.
Remarkable floods in the Iberian mountains and in this final
stretch of the river are related to extended flash floods during
summer and autumn, respectively. It is important to note that
the lower Ebro River is characterized by meanders and large
floodplains where the flow may be laminated (Del Valle et al.
2007; Ollero 2010).

Soil use changes and increases in water demand have
severely reduced the annual runoff volume in Tortosa from
the mid-twentieth century to the present day (Gallart and
Llorens 2004; Delgado et al. 2010; Buendia et al. 2016). Fur-
thermore, large reservoirs were built in the Ebro basin
between 1920 and 1960, mainly in the Pyrenean tributaries
and in the middle and lower reaches of the mainstream.
The impoundment runoff index (calculated as reservoir
capacity divided by mean annual runoff) is 57%, which
causes a reduction of 25% in the expected peak discharges
with return periods of between 10 and 25 years (Batalla and
Vericat 2011).

3. Data and methods

a. Peak discharge series

We used the Tortosa flood database to find days with peak
discharges greater than 2900 m3 s21. This threshold is the
peak discharge that causes overflow in Tortosa, where at least
the lower parts of the town, located in the left bank of the
river, are affected.

Tortosa has a daily maximum instantaneous flow series
(Qci) that covers the period 1952–2017 ( T1Table 1). The instru-
mental series of Qci for the Ebro River at Tortosa could
be extended back from 1951 to 1913 by using the series
of daily maximum flows (Qc; see Table 1). The Qci–Qc
method for restoring Qci from Ebro data series is used by
Ruiz-Bellet et al. (2015) in the following way: (i) a relation-
ship between Qc and Qci must be established with a linear
regression (r2 5 0.99) between 44 pairs of data (Qc, Qci)
of the same day for the period 1952–2012 with both
kinds of data occurring on the same day; (ii) the equation
[Qci (m3 s21) 5 1.023Qc 1 61] found with the regression is
used to estimate the Qci of those years when only Qc is
available (1913–51).

Moreover, we used historical flood information included in
the PREDIFLOOD/AMICME database (Barriendos et al.
2014, 2019) to extend the flood series back to 1600 (Monserrate
2013; Ruiz-Bellet et al. 2015). Peak discharges were recon-
structed from flood marks in the town of Xerta, 14 km upstream
from Tortosa ( T2Table 2; F2Fig. 2); the catchment in Tortosa is only
0.18% larger than that of Xerta. The flood scale located in the

TABLE 1. Basic attributes of the studied catchment and the peak-flow data, available at MAGRAMA (2015).

Systematic series of instantaneous peak flow Qcia Annual daily peak flow Qca

Catchment
Area
(km2)

Main
stream’s

length (km)

Gauging
station
code Period

Length
(yr)

Mean
flow

(m3 s21)

Max measured
peak flow

(m3 s21) (yr of
occurrence) Period

Length
(yr)

Max measured
peak flow

(m3 s21) (yr of
occurrence)

Ebro in Tortosa 84 200 890 9027 1952–2005 54 428 4580 (1961) 1912–51 39 4544 (1916)
a XXXXXXXAU16 .

TABLE 2. List of flood marks and their characteristics used in peak flow reconstruction. The flood mark characteristics are from
the nonsystematic series of Xerta, 14 km upstream of Tortosa (Fig. 2). UTM is universal transverse Mercator coordinates, and
ETRS89 is the European Terrestrial Reference System 1989.

UTM coordinates (ETRS89)

Catchment
Flood
year Location Zone X (m) Y (m) Z (m) Type of mark Reliabilitya

Precisionb

(cm)

Ebro in Tortosa

1617

Flood scale in Xerta
(1; Major Square)

31T 288 655 4 531 394

13.83

Flood scale (Fig. 2)

3 610
1787 16.15 3 610
1853 14.23 3 610
1866 14.03 3 610
1871 12.58 3 610
1884 13.41 3 610
1907 15.17 3 610
1937 14.67 3 610

a Reliability is according to a scale by Bayliss and Reed (2001): 15 unreliable, 25 reliable, and 35 very reliable.
b Precision is the maximum expected difference (cm) between the flood mark and the actual maximumwater height.

P E ÑA E T A L . 3MONTH 2022

JOBNAME: JCLI 00#00 2022 PAGE: 3 SESS: 8 OUTPUT: Mon Mar 7 10:45:48 2022 Total No. of Pages: 21
/ams/jcli/0/jcliD200394

Jo
ur
na
l
of

C
li
m
at
e
(P
ro
of

O
nl
y)



 

church of Xerta gathers information on the height of the floods
of the Ebro River between 1617 and the present day, although
the last flood noted is from 1961, because the reservoirs have
reduced the impact of other important episodes such as that of
1982. The scale was built on Valencian ceramics toward the end
of the nineteenth century, integrating the previous marks, and it
was destroyed by gunfire during the Spanish Civil War
(1936–39). It had to be rebuilt later and the 1961 episode added
to it. The relative and absolute heights of the flood marks at the
scale have been corroborated with other flood marks located at
other up- or downstream towns such as Miravet, Tortosa, Móra
de Ebre, Ginestar, Flix, Benissanet, and Benifallet (Balasch et al.
2019). The scale has been also used to compare water heights in
various places, especially Tortosa where there is continuous
information since the 14th century (Miravall 1997; Querol 2006;
Curto 2007; Boquera 2008).

Using the hydraulic HEC-RAS 4.1.0 model (USACE
2010) we reconstructed the peak flows registered in the
Xerta scale. The model works under gradually varied,
steady and mixed flow conditions to solve the conservation
of mass and energy equations in one-dimensional form. The
model needs information about the observed water surface
heights, geometry and roughness of the bed-river channel
and the floodplain and the hydraulic regime of the flow at
the running departure (subcritical flow). The last flood event
appearing in Xerta scale (January 1961), with a measured peak
discharge of 4580 m3 s21 (MAGRAMA 2015), was employed to
calibrate the model. Additionally, we used the two-dimensional
hydraulic Iber model (Bladé et al. 2014) based on the solution of
2D Saint-Venant equations using a finite-volume method to
evaluate the uncertainty of the model results (Ruiz-Bellet et al.
2017).

b. Synoptic types and low-frequency atmospheric
variability related to large floods in Tortosa

1) SYNOPTIC PATTERNS

The data used to explore the synoptic patterns were the
SLP and Z500. The daily data of SLP and Z500 grids related
to the instrumental period (1836–2005) were taken from
20CR (Compo et al. 2011; Slivinski et al. 2019). This project
has greatly benefited from international cooperation under
the Atmospheric Circulation Reconstructions over the Earth
(ACRE) initiative, which undertakes and facilitates the recov-
ery of global historical instrumental marine and terrestrial
weather observations. Additional support was provided by
the Global Climate Observing System and the World Climate
Research Programme. Using a state-of-the-art data assimila-
tion system, this reanalysis assimilates only surface observa-
tions of synoptic pressure into NOAA’s Global Forecast
System. It also prescribes sea surface temperature and sea
ice distribution to estimate (from the surface to the top of
the atmosphere) temperature, pressure, winds, moisture,
solar radiation, and clouds. The 20CR includes atmospheric
variables at different vertical levels with 28 of horizontal
resolution from 1836 to the present, which allows putting
current atmospheric circulation patterns into a historical
perspective.

Synoptic patterns related to floods in Tortosa were ana-
lyzed by applying multivariable analysis to SLP and Z500
anomalies. The SLP/Z500 daily anomalies from 20CR were
calculated by subtracting the arithmetic mean of the 30-yr ref-
erence period (1961–90) for each daily SLP/Z500 value. Note
that in our study the anomalies are then weighted by the
square root of the cosine of the latitude to account for the
changing area of the model grid with latitude. The analysis
was applied over the eastern North Atlantic and Europe
domain: 308–708N, 308W–308E. A principal sequence pattern
analysis (PSPA; Compagnucci et al. 2001) in T-mode (tempo-
ral pattern: time as the variable) determined the synoptic
types related to large floods in Tortosa in the period
1836–2005. The PSPA was applied to the daily SLP and Z500
anomalies, specifically those related to the flood day plus the
previous three days. We based the eigendecomposition of the
SLP and Z500 anomalies on the correlation matrix and used
the scree-test criterion to decide on the number of compo-
nents. The orthogonal varimax procedure was used to rotate
the components.

2) TORTOSA FLOOD VARIABILITY COMPARED

WITH LOW-FREQUENCY ATMOSPHERIC VARIABILITY

PATTERNS AND CLIMATE FORCINGS

The interannual atmospheric variability of the climate for
the 1600–2005 was analyzed using SLP anomalies from the
climate simulations and validated by comparison with
observed and reconstructed data. To this end, the observed
atmospheric variability obtained from the SLP grid (Z500 is
not used in this period) from the 20CR and reconstructed
atmospheric variability from grids provided by Luterbacher
et al. (2002) were compared with paleoclimate simulations

FIG. 2. Flood scale in Xerta. The photograph is by the authors.
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provided by the CESM-LME (Otto-Bliesner et al. 2016).
We examined the 13 full-forcing runs, including greenhouse
gases, ozone, tropospheric and stratospheric aerosols, land
use, solar radiance, and orbital changes in insolation, each
of which was forced with the same observational estimates
of historical forcings but initialized by using different atmo-
spheric conditions (however, note that all ocean initial con-
ditions were the same for all ensemble members). The
model used was version 1.1 of the CESM Community
Atmosphere Model, version 5 (CESM-CAM5), at 28 resolu-
tion for the atmosphere and land, and 18 for the ocean and
sea ice. The LME spans the years 850–2005, but we ana-
lyzed the period 1600–2005 to be consistent with the flood
period, and we used the composite of the 13 full-forcing
runs.

The low-frequency atmospheric variability patterns were
calculated by applying principal component analysis (PCA) in
S-mode (spatial pattern: grid points as the variables) to the
monthly SLP anomalies from 20CR (Peña et al. 2015). We
based the analysis on the covariance matrix and used the
scree-test criterion to decide on the number of components.
We applied the orthogonal varimax rotation. Furthermore, in
line with Peña and Schulte (2020), we examined the accuracy

of the PCA representations in the CESM-LME simulations
for the pre-instrumental period before 1836 and Luterbacher
et al. (2002) grid for the period 1659–1999.

We based the monthly SLP anomalies for the three ana-
lyzed grids on the reference period 1850–1900 [according to
Otto-Bliesner et al. (2016)], and anomalies at each grid point
were corrected by the square root of the cosine of the latitude.
The analysis was applied over the eastern North Atlantic and
Europe domain: 308–708N, 308W–308E.

To investigate how flooding in Tortosa compares to radia-
tive forcings, we plotted the peak discharges greater than
2900 m3 s21 during the 1600–2005 period and the ordinary
(ORD), extraordinary (EXT), and catastrophic (CAT) flood
historical series (Barriendos et al. 2014). The flood series
were normalized, and the average of them was smoothed
using a 22-yr Gaussian filter (INU AU3) to define flood-rich, or
flooding, periods (light-brown vertical shading labeled with
letters A–D shown in F5Fig. 5, described in more detail below)
and no-flooding periods (white background in Fig. 5, below).
We compared these flood temporal distributions with
the data series of the paleoclimate records (see T3Table 3)
[i.e., volcanic stratospheric sulfates, simulated Northern
Hemisphere (NH) temperature, and atmospheric variability

TABLE 3. Description of grids and time series used herein.

Name Acronym Data Reference Type Start End Comments

PREDIFLOOD/
AMICME

PREDIFLOOD/
AMICME

Flood database Barriendos et al. (2019) Historical
sources

1600 } In progress

Twentieth-century
reanalysis v3

20CR SLP 1 500-hPa
grids

Slivinski et al. (2019) Observed 1850 2005

Luterbacher LUT SLP grid Luterbacher et al. (2002) Reconstructed 1659 1999
Last Millennium

Ensemble
CESM-LME SLP grid Otto-Bliesner et al.

(2016)
Simulated 1850 2005 Composite of

13 runs
Last Millennium

Ensemble
CESM-LME SLP grid Otto-Bliesner et al.

(2016)
Simulated 1600 1849 Composite of

13 runs
WLS (background/

no background)
WLS TSI Wang et al. (2005) Reconstructed 1610 2000

VSK VSK TSI Vieira and Solanki
(2010)

Reconstructed 1600 1849 Merge WLS (back)

SBF SBF TSI Steinhilber et al. (2009) Reconstructed 1600 1849 Merge WLS (back)
MEA (background/

no background)
MEA TSI Muscheler et al. (2007) Reconstructed 1600 1609 Merge to WLS

(background/no
background)

DB (background/no
background)

DB TSI Delaygue and Bard
(2009)AU17

Reconstructed 1600 1609 Merge to WLS
(background/no
background)

Last Millennium
Ensemble

CESM-LME Daily
temperature

Otto-Bliesner et al.
(2016)

Simulated 1850 2005 Composite of
13 runs

Last Millennium
Ensemble

CESM-LME Daily
temperature

Otto-Bliesner et al.
(2016)

Simulated 1600 1849 Composite of
13 runs

Volcanic forcing VOL Stratospheric
aerosols

Gao et al. (2008) Reconstructed 1600 2005 Stratospheric
aerosols

Greenhouse gases GHG CO2, CH4, and
N2O

Schmidt et al. (2011) Reconstructed 1600 2005

Anthropogenic land
cover change

KK10 Land cover Kaplan and Krumhardt
(2011)

Reconstructed 1600 2005

Anthropogenic 1

natural land
cover change

PEA Land cover Pongratz et al. (2008) Reconstructed 1600 2005
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reconstructed from low-frequency atmospheric variability],
described as follows:

• For the volcanic response, we adopted the ice-core-based
index of Gao et al. (2008). Changes in total solar irradiance
(TSI) were prescribed by the composite of the time series
(Comp) smoothed by a 22-yr Gaussian filter (f22) from the
data series used in the LME:

• Wang et al. (2005; the reconstruction is referred to herein
as WLS): This is a 1610–2000 CE spectral reconstruction
based on a flux transport model of the open and closed flux
using the observed sunspot record as the main input. This
comes in two versions, (a) a “no background” version that
just has TSI variations similar to that seen over a solar cycle
today, and (b) a “with background” version with longer-
term trends in the solar minimum.

• Delaygue and Bard (2009; the reconstruction is referred to
herein as DB) is an 850–1609 CE reconstruction based on
an Antarctica stack of beryllium-10 (10Be) records scaled
linearly to the modern-to–Maunder Minimum TSI in the
two WLS reconstructions.

• Muscheler et al. (2007; the reconstruction is referred to
herein as MEA) is an 850–1609 CE reconstruction based
on the carbon-14 (14C) record scaled based on an inverse
regression to the two WLS reconstructions.

• Vieira and Solanki [(2010), and Vieira et al. (2011); the
reconstruction is referred to herein as VSK] is an 850–1849
CE reconstruction based on a model of the open and closed
magnetic flux including an estimate of the 11-yr cycle.

• Steinhilber et al. (2009; the reconstruction is referred to
herein as SBF) is an 850–1849 CE, reconstruction based on
a Greenland 10Be core and a different model of 11-yr solar
flux.

First, visual correlations were established to compare and
investigate the decadal variability of low-frequency atmo-
spheric patterns, climate proxies, volcanic forcing, and solar
activity related to frequency of the major floods in Tortosa.

In a second step, we analyzed the model of regression to
evaluate possible correlations (as a synonym of association,
not causation). We used INU as response variable and the
independent variables (above described): SOL, VOL, TEMP,
and NAOAU4 . Furthermore, we used changes in concentration of
the principal well-mixed greenhouse gases (GHG) from
Schmidt et al. (2011), the KK10 scenario of anthropogenic
land cover change from Kaplan and Krumhardt (2011), and
the reconstructed agricultural area (pasture and cropland)
and associated changes in natural forests, grasslands, and
shrublands (referred to as PEA) from Pongratz et al. (2008).

To find small and interpretable models, we would use a
selection criterion that explicitly penalize larger models, such
as Akaike’s information criterion (AIC), Schwartz’s informa-
tion criterion (BIC), Mallows’s Cp (Cp), and adjusted r2

(adjr2). We will also look at a selection criterion, cross vali-
dated (rssAU5 ), that implicitly considers the size of the model. We
applied the stepwise method to investigate the best models.
This method checks going both backward and forwards at
every step. It considers the addition of any predictor not

currently in the model (forward search), as well as the removal
of any predictor currently in the model (backward search).
Last, a Monte Carlo simulation was performed to find a set of
predictors that best explains the variance in the response
variable.

Once the flood pulsations had been visually identified from
flood historical time series (light-brown shaded columns in
Fig. 5, described below), the climate variability related to
flood periods was analyzed according to similar analysis from
Otto-Bliesner et al. (2016):

• The ensemble mean of SLP values was built for the reference
period 1850–1900 as indicated in Otto-Bliesner et al. (2016).

• The ensemble mean of SLP values for flood and no-flood peri-
ods was built separately to compare with the ensemble mean.

• The difference between the ensemble mean minus flood
and no-flood periods was calculated to evaluate the vari-
ability of these periods with respect to the normal climate.

4. Results

a. Peak discharge series

In the towns of Tortosa and Xerta 33 large floods ( T4Table 4)
show peak discharges greater than 2900 m3 s21 during the
1600–2005 period (28 episodes during the instrumental period
(1836–2005). The information provided in this section is orga-
nized into three types of data: (i) peak flows reconstructed
from flood marks and historical documents (11 floods;
Monserrate 2013; Ruiz-Bellet et al. 2015); (ii) peak floods
restored from the measured Qci–Qc relation (15 floods); and
(iii) the Qci flow series (7 floods).

The highest flood in the period analyzed occurred on
9 October 1787, with a peak flow equivalent to 30 times the
mean flow in Tortosa, or 0.15 m3 s21 km22 (Ruiz-Bellet et al.
2015; Balasch et al. 2019), which represents a value on the
same order as the highest recorded in European rivers of simi-
lar size, despite responding to a much drier basin. This flood
is followed by the floods on October 1907 and 1937. The rain-
fall associated with the floods persisted for a month prior to
the first two flood events and only three days in the third.
None of these three episodes was augmented by snowfall or
snowmelt [see Balasch et al. (2019) for a detailed description
of the characteristics of the floods].

In general, the Atlantic floods of the Ebro take place in
winter, and in the eastern sector of the basin (Segre-Cinca
and Tortosa) floods are more frequent in autumn. The histori-
cal documentation consulted makes some reference to snow-
melt in most of the Upper Ebro episodes (winter flooding)
but is irrelevant in the Segre and Cinca basins (autumn
flooding).

b. Synoptic patterns

The PSPA (see section 3) was applied to the SLP and Z500
anomalies on the 112 days related to the 28 flooding episodes
during the instrumental period (noting that a flood episode is
defined by the flood day and the three previous days). The
results showed that four components based on the scree test
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explain 78% of total variance after the varimax rotation.
F3 Figure 3 shows the atmospheric synoptic composites, that is,

maps corresponding to typical situations in the atmosphere
(synoptic types), which were obtained by averaging the SLP
and Z500 grids of dates pertaining to a given cluster. In gen-
eral, the synoptic types linked to large floods in Tortosa are
characterized by low pressure systems from the Atlantic that
advect warm and moist air at the low levels of the troposphere
with 1) eastern flow from the Mediterranean Sea, which is the
principal meteorological cause in flooding in autumn, or
2) southern flow, which is the most predominant cause of
flooding in winter. These types of configurations enhance the
occurrence of severe mesoscale advective joint to convective
systems.

The four synoptic types, classified according to the prevail-
ing wind direction over the Ebro basin, are listed here.

1) Southeastern flow (SEF): This pattern explains 24% of the
total variance. The main features are a high pressure sys-
tem over the North Sea and a low pressure area over the
western part of the Iberian Peninsula. A warm and moist
eastern flow from the Mediterranean Sea might produce
severe floods in September and October.

2) Southern flow (SF): This pattern explains 23% of the total
variance. The main features are a warm and moist south-
ern flow that affects the NE Iberian Peninsula related to a
low pressure area located over the western part of the
Iberian Peninsula. This pattern produces severe floods
during the coldest half of the year.

3) Western flow (WF): This pattern explains 18% of the total
variance. The principal features are a high pressure
system over eastern Europe and a low pressure area
over the Atlantic. An Atlantic front deepens over the
Mediterranean Sea. Severe floods affected Tortosa in
October and January.

4) Eastern flow (EF): This pattern explains 13% of the total
variance. The principal features are a high pressure sys-
tem over the British Islands that drives an eastern to
northeastern flow over Catalonia. It is similar to the SEF
pattern displaced to the south, and the study area is
affected in the colder half of the year.

T5Table 5 show the synoptic types related to major floods in
Tortosa for the flood day plus the three previous days.

c. Low-frequency atmospheric variability

The modes of the low-frequency atmospheric variability
in the monthly SLP anomalies calculated for Europe
(1836–2005) from the PCA in S-mode [see section 3b(2)]
were summarized in annual terms as well as for the winter,
spring, summer, and autumn seasons (see T6Table 6 along
with Table S1 of the online supplemental material).

We used the loading matrix of PCA analysis to map the
atmospheric modes shown in F4Fig. 4. This loading matrix
defines the spatial structure, that is, the weight of the factors,
represented by the Pearson coefficient of correlation, at each
point of the grid. Climatically, this is the degree of relation-
ship between the different pressure centers. Four components
were chosen from the scree test that explains nearly the same
seasonal variance, approximately 85% of the low-atmospheric
variability in the eastern North Atlantic and Europe. The
maps obtained here are like those defined in the comprehen-
sive studies of the low-frequency atmospheric variability, and
these are remarkably similar to those presented by Barnston
and Livezey (1987). For this reason, we use their nomencla-
ture. The main annual modes are described below.

• The first empirical orthogonal function (EOF1) is the
North Atlantic Oscillation (NAO), which explains 39% of
the atmospheric variability.

• EOF2 is the East Atlantic/Western Russia pattern [EA/WR;
Eurasia-2 in Barnston and Livezey (1987)], which explains
22% of the variability.

TABLE 4. Date, discharge, precision, and most contributing
basin for the major Ebro River floods at Tortosa (perception
threshold: 2900 m3 s21) for 1952–2005: systematic series of
annual Qci (MAGRAMA 2015). The codes for the peak flow
source are 1 5 reconstructed in Ruiz-Bellet et al. (2015), 2 5

reconstructed in Balasch et al. (2019), 3 5 obtained from the
Qci–Qc relation (data series between 1912–51; MAGRAMA
2015), and 4 5 obtained from direct Qci measure by
Confederación Hidrográfica del Ebro (data series of 1952–2005;
MAGRAMA 2015).

Date of
the flood

Peak flow
(m3 s21)

Peak flow
source

Most-contributing
subbasins

8 Nov 1617 7500 1, 2 Cinca 1 Segre
18 Feb 1643 ,4500 1, 2 Upper Ebro
19 Dec 1766 ,4500 2 Segre
25 Jun 1775 ,4500 1, 2 Upper Ebro
9 Oct 1787 12900 1, 2 Upper Ebro 1 Cinca 1 Segre
25 May 1853 8250 1, 2 Cinca 1 Segre
21 Oct 1866 7750 1, 2 Cinca 1 Segre
13 Jan 1871 5000 1, 2 Upper Ebro
17 Sep 1884 6500 1, 2 Lower Ebro
24 Oct 1907 10500 1, 2 Upper Ebro 1 Cinca 1 Segre
18 May 1913 3712 3 Unknown
11 May 1915 3739 3 Upper Ebro
22 Mar 1916 4544 3 Upper Ebro
21 May 1917 3642 3 Upper Ebro
12 Apr 1919 3706 3 Upper Ebro
21 Mar 1920 3123 3 Upper Ebro
25 May 1921 3332 3 Upper Ebro 1 Cinca
15 Jul 1923 3374 3 Upper Ebro
22 Nov 1926 3398 3 Upper Ebro1 Cinca1 Segre
26 Dec 1927 3054 3 Upper Ebro
17 Mar 1930 3000 3 Upper Ebro
29 Oct 1937 9250 1, 2 Upper Ebro 1 Cinca 1 Segre
9 Jan 1939 3445 3 Upper Ebro
20 Feb 1940 2978 3 Upper Ebro
24 Jan 1941 3670 3 Upper Ebro
19 Mar 1951 3044 3 Upper Ebro
7 Feb 1952 3490 4 Upper Ebro
18 Dec 1959 3060 4 Upper Ebro
29 Jan 1960 4100 4 Upper Ebro 1 Cinca 1 Segre
5 Jan 1961 4580 4 Upper Ebro
23 May 1971 3238 4 Cinca 1 Segre
9 Nov 1982 3780 4 Cinca 1 Segre
25 Jan 1997 2900 4 Upper 1 Lower Ebro
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• EOF3 explains 14% of the variability and is named the
East Atlantic pattern (EA).

• EOF4 is the Scandinavian pattern [SCAND; Eurasia-1 in
Barnston and Livezey (1987)], which accounts for 9% of
the total variability.

Remarkable seasonal differences can be observed in Fig. 4.
The annual modes are very similar to those observed in win-
ter and spring, but they are different from the summer and
autumn modes: the principal mode of atmospheric variability
for the warm season differs from the NAO mode in the cold
season insofar as it presents a northwest–southeast pressure
gradient with positive anomalies extending over the Scandinavian
Peninsula and the British Islands, as well as slight low pres-
sure anomalies over the Mediterranean area. The warm
NAO mode explains nearly 40% of the summer and autumn
total variability.

Table 6 shows the yearly indices of the principal modes of
atmospheric variability prevailing during the flood events in
Tortosa. The simulated and reconstructed atmospheric vari-
ability indices before 1836 are captured by the ensemble
mean of the SLP from CESM full-forcing experiment and
indices since 1836 are from the 20CR. Each yearly value is the
average of indices taking the value of the flood month plus
previous 11 months.

Moreover, Table 6 can be used to analyze the possible influ-
ences of the indices of low-frequency atmospheric modes in
the flooding of Tortosa. For the annual period, the positive
phase of the NAO was the most frequent for the analyzed
floods (19 of 33 floods), followed by the EA in positive phase
(8 of 33). The two low-frequency atmospheric modes are
coherent with the two principal synoptic types related to west-
ern and southern flows. The seasonal analysis (see Table S1 in
the online supplemental material) shown for winter and
spring floods shows a dominance of the NAO in positive
phase, but the second-place position of EA/WR in negative
phase indicates that the passage of Atlantic low pressure cen-
ters is the main atmospheric trigger for flooding in Tortosa
during the cold season. A reverse pattern is observed for the
autumn. The principal mode during the warm season shows a
northwest–southeast pressure gradient with positive anoma-
lies extending over the Scandinavian Peninsula and the
British Islands, which is different from the meridional gradi-
ent observed for the cold season [more information in Folland
et al. (2009)]. Thus, the low-frequency atmospheric variability
related to flooding in Tortosa is characterized by periods with
a dominance of low pressure centers related to Atlantic flows,
defined by the autumn NAO and the EA/WR modes in,
respectively, their negative and positive phases.

FIG. 3. Synoptic patterns from the 20CR model related to major floods in Tortosa for the period 1850–2005. Shown are daily SLP
anomalies (hPa). Solid lines indicate SLP (hPa), and contours are the geopotential anomalies at 500 hPa (m). See Fig. 1 to locate
the study area.
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T7 Table 7 presents the association between the annual modes
of low-frequency atmospheric variability and the synoptic
types related to major floods in Tortosa is presented. We used
the Pearson product-moment spatial correlation, which shows
a strong correlation between the patterns, although seasonal
differences are detected. For the annual period, the SEF
pattern correlates significantly (p , 0.001) and negatively
(20.935) with the NAO mode and positively (10.808;
p , 0.001) with SCAND, denoting southeast flows that pro-
mote flooding in Tortosa. The winter and spring season also
show the SEF pattern correlating significantly (p , 0.001) and
negatively with the NAO (20.838) mode, while the SF pat-
tern correlates with EA/WR (20.755; p , 0.001), indicating
anticyclonic blocking over Russia and Atlantic low pressure
that are associated with western flows that deepen over the
Mediterranean Sea and provoke southwest, south, and south-
east flows over the Ebro basin. In summer, the SF synoptic
pattern correlates significantly (p , 0.001) and negatively
(20.658) with NAO, and the EF pattern positively (10.870;
p , 0.001) with the EA/WR mode. The autumn season shows
the SEF pattern correlates significantly (p , 0.001) and posi-
tively (10.913) with NAO, and the EF pattern with the EA/WR
mode (10.810), which involves anticyclonic blocking over
northern Europe, while the Ebro basin is affected by the
warm and humid Mediterranean air mass.

d. Tortosa flood variability compared with atmospheric
variability and climate forcings

Historical flood analysis since 1600 (Fig. 5) illustrates the
quasi-cyclic variability of flood intensities and climate proxies.
It is important to note that all data constitute a 22-yr Gaussian
low-pass filter, including the bars in the reconstructed NAO
from CESM-LME and 20CR. Each bar represents the mean
of the NAO for the month of the flood plus the previous
11 months. We detected four periods in reference to high-
frequency flooding (.2900 m3 s21) in Tortosa: 1617–43,
1710–87, 1825–84, and 1907–85 (letters A–D respectively in
Fig. 5). A visual comparison (see also Table 6) of the Tortosa
flood intensities and the NAO provides evidence on the influ-
ence of atmospheric circulation dynamics. Furthermore, Fig. 5
suggests that, except for the B event with two minimum
temperature peaks, generally high values of TSI, positive

TABLE 6. Pearson’s product-moment spatial correlation between
the SLP anomaly composites of low-frequency atmospheric
variability modes of the instrumental period and the SLP anomaly
composites of the months with large floods. The predominant
modes of each year are marked in boldface type. NAO is
North Atlantic Oscillation, EA/WR is Eastern Atlantic/Western
Russia, EA is Eastern Atlantic, and SCAND is Scandinavian
pattern.

Date NAO EA/WR EA SCAND

8 Nov 1617 0.87 20.21 0.18 20.85
18 Feb 1643 0.88 20.30 0.47 20.78
19 Dec 1766 0.90 20.27 0.42 20.80
25 Jun 1775 0.00 20.17 20.54 0.23
09 Oct 1787 0.89 0.13 0.51 20.85
25 May 1853 20.47 20.60 20.09 0.75
21 Oct 1866 0.81 0.20 0.28 20.80
13 Jan 1871 0.47 20.41 0.57 20.23
17 Sep 1884 0.82 20.19 0.48 20.54
24 Oct 1907 0.40 20.21 0.74 20.12
18 May 1913 0.64 20.28 0.65 20.36
11 May 1915 0.60 20.45 0.42 20.09
22 Mar 1916 0.46 0.16 0.34 20.14
21 May 1917 0.65 20.61 0.27 20.25
12 Apr 1919 0.00 20.14 20.06 0.11
21 Mar 1920 0.83 20.17 20.06 20.54
25 May 1921 0.86 20.10 0.64 20.79
15 Jul 1923 0.53 20.04 0.40 20.12
22 Nov 1926 0.89 0.21 0.12 20.63
26 Dec 1927 0.71 20.52 0.41 20.59
17 Mar 1930 0.10 20.46 0.81 0.03
29 Oct 1937 0.62 20.14 0.75 20.43
09 Jan 1939 0.77 0.00 0.62 20.60
20 Feb 1940 0.43 20.77 0.33 20.34
24 Jan 1941 20.39 20.55 0.12 0.43
19 Mar 1951 0.63 20.64 0.33 20.35
07 Feb 1952 0.98 20.09 0.23 20.79
18 Dec 1959 0.58 20.60 0.61 20.29
29 Jan 1960 0.78 20.44 0.56 20.52
05 Jan 1961 0.72 20.38 0.70 20.56
23 May 1971 0.13 20.18 0.60 0.20
09 Nov 1982 0.83 20.28 0.64 20.68
25 Jan 1997 0.26 0.32 0.85 20.59

TABLE 5. Synoptic types related to major floods in Tortosa:
SEF is southeastern flow, SF is southern flow, WF is western
flow, and EF is eastern flow.

Date of
the flood

Flood
date23

Flood
date22

Flood
date21

Flood
date

25 May 1853 SF WF WF WF
21 Oct 1866 WF WF SF EF
13 Jan 1871 WF WF WF EF
17 Sep 1884 SF WF WF SF
24 Oct 1907 SEF SEF SEF SEF
18 May 1913 SF WF WF WF
11 May 1915 SEF EF WF WF
22 Mar 1916 SEF SEF SEF SEF
21 May 1917 SEF SEF WF WF
12 Apr 1919 SEF SEF WF SEF
21 Mar 1920 WF EF EF EF
25 May 1921 EF EF EF EF
15 Jul 1923 EF SEF EF EF
22 Nov 1926 EF EF EF EF
26 Dec 1927 SF SF SF WF
17 Mar 1930 SF WF WF WF
29 Sep 1937 WF SF SF WF
9 Jan 1939 SF SF SF SF
20 Feb 1940 WF SF SF SF
24 Jan 1941 SF SF SF WF
19 Mar 1951 SEF SF WF WF
7 Feb 1952 SEF EF EF EF
18 Dec 1959 EF SF SF WF
29 Jan 1960 SF SF WF WF
5 Jan 1961 SF SF WF WF
23 May 1971 EF EF WF WF
9 Nov 1982 SF SF SF SF
25 Jan 1997 SF SF EF EF
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anomalies of the NAO, and positive anomalies of NH sum-
mer temperatures correspond to high-frequency flood peri-
ods. The lower temperatures in event B responds to volcanic
forcing, which causes a cooling effect [see Swingedouw et al.
(2017)AU6 for details on volcanism effects in climate mecha-
nisms]. This shows the principal divergence between the tem-
perature (negative anomalies) and the TSI (positive
anomalies) since 1600. As can be observed in Fig. 5, a 120-yr-
long flood disaster gap (.2900 m3 s21) from 1644 to 1709 can
be associated mostly with low solar activity and with negative
NAO during the Maunder Minimum (Barriendos 1997; Luter-
bacher et al. 2001), whereas the gap from 1787 and 1825 coin-
cides at the beginning to low TSI and at the end to relatively
high TSI values. This period partially corresponds with the
“Maldá” anomaly (1760–1800), characterized by a strong cli-
matic variability period (Barriendos and Llasat 2003). To
include additional flooding information, especially during
these gaps, Fig. 5 also includes the whole flood chronology
of the Ebro River at Tortosa (Barriendos et al. 2019)
although for many of the events the peak flow reconstruction
is not possible due to the lack of water marks. As can be
observed during these two periods ORD and EXT events
occurred, but not CAT (Barriendos et al. 2014). Similar con-
clusions have been obtained when analyzing droughts events
in the same area (Tejedor et al. 2019).

We applied a regression analysis to evaluate associations
between proxy and floods records [see section 3b(2)]. For this

objective, it is necessary to address which models to consider.
Model selection involves both a quality criterion and search
procedure by considering only models with first-order terms,
so no interactions and no polynomials were used. There are
seven predictors in the model. So, if we consider all possible
models, ranging from using zero predictors to all seven predic-
tors plus the variable response (eight model parameters in

total), there are
∑p21

k50
p2 1
k

( )
5 2p21 5 27 5 128 possible

models. For this reason, we often search through possible
models in an intelligent way, bypassing some models that are
unlikely to be considered good.

T8Table 8 gives us the correlation r and determinant coeffi-
cients r2 between INU and the parameters used for the regres-
sion model.

The seven best models are displayed in T9Table 9 using the
stepwise search, indicating that the predictor selected in each
step is introduced sequentially, in this case ranging from one
to seven predictors.

The predictors selected in each step of the stepwise search
are first just SOL, then SOL 1 TEMP in the second step,
SOL1 KK101 GHG in the third step, SOL1 KK101 GHG1

TEMP in the fourth step, SOL 1 KK10 1 GHG 1 TEMP 1

NAO in the fifth step, SOL1 KK101 GHG1 TEMP1 NAO1

VOL in the sixth step, and all predictors in the seventh step.
T10Table 10 shows adjr2, Cp, AIC and BIC selection criteria

plus the rsq (coefficient of determination AU7) and rss coefficients

FIG. 4. Low-frequency atmospheric variability modes for Europe during the instrumental period (1836–2005) from the 20CR model.
Contours represent the Pearson coefficient of correlation r. Solid lines (blue colors) indicate negative r values; dashed lines (red colors)
indicate positive r values. See Fig. 1 to locate the study area.
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and is used to select the best model. Table 10 shows that the best
model is model 6, which presents the best adjr2, Cp, and AIC cri-
teria (marked in boldface type in the table). BIC appears as the
best criterion in model 4. Model 6 was chosen for the regression
analysis, and the predictor PEAwas discarded from the analysis.

A summary of regression analysis presenting the parameters
from the stepwise regression method is provided inT11 Table 11.

A Monte Carlo simulation was performed to find the
parameters of interception model (INT) plus the six predic-
tors that best explain the variance in the response variable.
We simulated samples of size n5 1000 from model 6:

INUi ∼ INTi 1 SOLi 1 TEMPi 1 GHGi 1 KK10i

1 NAOi 1 VOLi 1 «i, i 5 1, 2, …, n,

where «i ∼ N(0, s2 5 0.8004); s2 is the sum of squares error of
the original model calculated from stepwise search. The sum-
mary of the simulation is shown inT12 Table 12.

From Table 8, the variable that most influences INU is SOL,
which accounts for 25% of the variance of the regression model
that explains 48% of the variance of INU (see Table 12). These
results can be extrapolated to Fig. 5 where visual correlations
showed a possible association between flooding in Tortosa and
TSI. All variables are positively correlated with INU except
KK10. NAO shows no correlation despite being included in the
model, and in Fig. 5 flooding seems related to positive phases of
the NAO. Table 12 shows that the Monte Carlo simulation

improved the stepwise regression model with better results in
residual standard error (rse) and adjusted r2 (cf. Tables 11 and
12). F6Figure 6a shows a histogram of the simulated values and an
overlay of the true distribution. Figure 6b presents the INU (see
Fig. 5) composite from historical sources (INUhist) and the fitted
values (INUfit) from simulated model 6. The time series show a
very similar variability over the time period analyzed.

F7Figure 7 shows the composite of SLP between 1850 and
1900 (reference period; Fig. 7a), flood-rich periods minus the
SLP reference period (Fig. 7b), and flood-poor periods minus
the SLP reference period (Fig. 7c). The annual composite
presents the NAO configuration, with high pressure values
over the eastern Atlantic and low pressure in Iceland. The dif-
ference of this pattern with high frequency of flooding periods
shows a pattern like the NAO with slight differences between
the reanalyzed, reconstructed, and simulated SLP grids, while
an opposite pattern characterized the poor flooding periods.
Note the order-of-magnitude smaller differences for the LME
relative to reanalysis and reconstruction in the center and
lower panels. If all plots were made with the same scale, the
LME would look very different from the other two. This is
likely because the LME is an ensemble of simulations; by tak-
ing the ensemble mean, a lot of internal climate variability
such as NAO variations is averaged out. Only variability that
is strongly externally forced will remain in the ensemble mean
(e.g., cooling that results from volcanic eruptions).

5. Discussion

The flood database of Tortosa and the reconstructed floods
using the flood marks in the nearby town of Xerta from
1600 to 2005 allow us to analyze the atmospheric variability
during well-defined flood periods. We have shown that both
the high- and low-frequency atmospheric variability, among
other factors, influence flood events (peak flow higher than
2900 m3 s21) in the lower Ebro basin. This fact has also been
observed in neighboring catchments: Llobregat, Cinca, and
Segre, among others (Fig. 1; Pino et al. 2016; Merino et al.
2017; Gilabert and Llasat 2018).

The prevailing synoptic conditions (high-frequency atmo-
spheric variability related to day-to-day changes) show a good
correspondence with the hydrological reconstruction. The
synoptic types are characterized by Atlantic low pressure sys-
tems that interact with the Mediterranean warm air mass,
promoting the destabilization of the atmosphere. The atmo-
spheric configuration at the midlevels of the troposphere is
dominated by negative geopotential anomalies, showing the
presence of a low pressure center or an Atlantic cold front.
These configurations enhance the occurrence of convective
events due to the temperature difference between the surface
(warm and moist air from the Mediterranean Sea) and the
middle levels of the troposphere. Furthermore, the stagnation
of the synoptic configuration due to the presence of a high
pressure system in Europe can provoke long-lasting rainfall
over the Ebro basin.

Therefore, we can differentiate between two different types
of heavy rainfall that affected the lower Ebro basin since
1836:

TABLE 7. Pearson’s product-moment spatial correlation
between low-frequency atmospheric variability modes according
to SLP monthly anomalies for the instrumental period and
calculated synoptic types (SEF, SF, WF, and EF). The best
correlations are marked in boldface type.

SEF SF WF EF

Year
NAO 20.935 20.108 20.348 0.729
EA/WR 0.095 20.772 20.622 0.465
EA 20.326 0.220 20.709 0.502
SCAND 0.808 0.073 0.577 20.644

Winter
NAO 20.838 20.268 20.376 0.799
EA/WR 0.511 20.755 20.194 0.066
EA 20.144 0.324 20.611 0.297
SCAND 0.632 0.092 0.434 20.424

Spring
NAO 20.930 20.122 20.563 0.821
EA/WR 0.320 20.799 20.436 0.266
EA 0.270 0.276 20.367 20.014
SCAND 0.334 20.080 0.372 20.142

Summer
NAO 0.510 20.658 20.306 0.133
EA/WR 20.833 20.177 20.590 0.870
EA 20.205 0.015 0.520 20.243
SCAND 20.186 0.247 20.522 0.178

Autumn
NAO 0.913 20.201 0.255 20.551
EA/WR 20.694 20.573 20.567 0.810
EA 20.267 0.306 20.518 0.399
SCAND 0.175 0.165 0.764 20.376
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1) Advective precipitations during winter and spring with
low or medium convectivity linked to a zonal disposition
of the synoptic configuration (SF and WF types), which
favored the passage of frontal systems from the Atlantic
region and produced heavy accumulated precipitation
over several days (see also Merino et al. 2017).

2) Highly convective autumn storms associated with a block-
ing anticyclone in northern Europe (EF and SEF types),
which promoted the passage of low pressure centers over
the northeastern Iberian Peninsula. Depressions are usu-
ally linked with the Atlantic cyclones that develop or
become more intense over the Mediterranean Sea, and

FIG. 5. Peak flow of the flood events shown in Table 3 (Ruiz-Bellet et al. 2017; Balasch et al.
2019), flood chronology of the Ebro river at Tortosa (Barriendos et al. 2014, 2019), NAO values
from Table 6 (this paper; from CESM-LME simulated data for the pre-instrumental period and
20CR for the instrumental period), TSI (Steinhilber et al. 2009), Northern Hemisphere tempera-
ture (Peña and Schulte 2020; from CESM-LME simulated data), and volcanic eruptions (Gao
et al. 2008) for the period AD 1600–2005. The high flood frequency is marked on the chart in
light-brown shading. These periods are defined by floods with discharges greater than 2900 m3 s21

and by the 22-yr Gaussian filter of the composite INU (for details see the text). ORD (ordinary):
non-overbank flood 1 disturbance; EXT (extreme): overbank flood 1 disturbance 1 damage;
CAT (catastrophic): overbank flood 1 damage 1 destruction (see Barriendos et al. 2014). Letters
A–Dmark the different high flooding periods.
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they produce long-lasting and intense rainfall due to 1)
the high-water vapor content of the Mediterranean air
mass, 2) the orographic uplift of these air masses, and 3)
the reinforcement suffered by the negative anomalies of
temperature and geopotential height that occur at the
low- and midlevels of the troposphere (Peña et al. 2015).

Similar results were found by Gilabert and Llasat (2018) in
the analysis of 56 catastrophic floods in Catalonia over the
1900–2010 period. Their results showed that flooding was
caused mainly by cyclonic (78.6%) and advective weather sys-
tems (19.6%).

In the Ebro River basin, the peak discharges have two dis-
tinct kinds of behavior within the same series (Ruiz-Bellet
et al. 2015; Pino et al. 2016; Gilabert and Llasat 2018). These
differences are linked to the two types of precipitation. A
more frequent behavior related to flat-peak discharges might
be caused by winter/spring advective rainfall of low or
medium convectivity, while a less frequent one associated
with high-peak discharges might be caused by highly convec-
tive summer and autumn mesoscale rainstorms. The flooding
in Tortosa might be caused by the synergistic effect of two dif-
ferent types of rainstorm occurring in two different types of
catchment within the Ebro basin (Balasch et al. 2019): the
floods coming from the western part of the catchment (the
ones that affect the upper Ebro basin up to Zaragoza) may be
caused by a persistent rainfall precipitating gently for several
days on catchments with a slow hydrological response, which
then disperse over a great area and produce flat hydrographs
but important runoff volumes. Conversely, the floods coming
down from the Pyrenees (the Cinca and Segre basins) into the
Ebro River downstream from Zaragoza may be caused by
heavier rainstorms falling from few days up to a month on
very mountainous, soil-saturated, quick-response catchments

that are located in a relatively small area and, thus, are more
efficient in terms of runoff generation (Balasch et al. 2019).

The modes of the low-frequency atmospheric variability of
the 1-month mean SLP anomalies calculated from the PCA in
S-mode were summarized in annual terms (month of flood
plus previous 11 months) as well as for the winter, spring,
summer, autumn seasons. In general, the flood events are
related to those years with positive phases of the NAO (19
events) and EA (8 events). Despite the location of Tortosa, at
the northeastern part of the Iberian Peninsula a few kilometers
from the mouth of the Ebro River on the Mediterranean Sea,
the atmospheric variability that triggers flooding in the town is
not directly connected to the atmospheric causes related to
flooding on the eastern side of the Iberian Mountain range and
both slopes of the Catalan precoastal ranges, which are modu-
lated essentially by Mediterranean flows. The contributions of
these Mediterranean flows at the study site can act only to
strengthen the normal autumn atmospheric situation originat-
ing in the Atlantic Ocean region. Thus, this Atlantic regime
explains the fact that flooding in Tortosa is more probable dur-
ing the cold season of the year (December–May) because of
the southern migration of the zonal flow in the Northern Hemi-
sphere’s atmospheric general circulation. The Ebro basin
encompasses 85 000 km2, of which more than 40000 km2 corre-
spond to the western area upstream of Zaragoza, and it clearly
demonstrates Atlantic (not Mediterranean) behavior, which
explains why an important part of the floods (around 50%)
occur in winter and the rainfall over the western half of the
basin is from the Atlantic. Most of the Mediterranean floods
are in autumn and affect the eastern half of the basin (Balasch
et al. 2019).

It is important to note that the signal of the SLP pattern
related to flood-rich periods is very weak (Fig. 7), with very
distorted centers of action, especially the low pressure center
over Iceland. This may be related to the poor positive correla-
tions (no statistical significance) that have been observed in
the north of the Iberian Peninsula between the NAO and
rainfall (Martı́n-Vide and Fernández 2001; Benito et al. 2021).
Instead, these correlations in the central and southern part of
the Iberian Peninsula are significant but negative. This fact is
in concordance with the results of the regression model that
show a poor influence of the NAO in the regression model
although it is one of the predictors chosen by the stepwise
method.

Positive phases of NAO related to floods in Tortosa in our
results are sensible if we relate these findings with other

TABLE 8. Regression analysis, showing correlation r and
determinant coefficients r2 between INU and the parameters
of modelAU18 .

Parameter r r2

GHG 0.210 0.0439
VOL 0.140 0.0197
SOL 0.501 0.2288
TEMP 0.348 0.1210
KK10 20.371 0.1375
NAO 0.048 0.0023

TABLE 9. Regression analysis, showing the best model, according to rse, for a model of each possible size, in this case ranging from
one to seven predictors.

Model No. (Intercept) GHG VOL SOL TEMP KK10 PEA NAO

1 TRUE FALSE FALSE TRUE FALSE FALSE FALSE FALSE
2 TRUE FALSE FALSE TRUE TRUE FALSE FALSE FALSE
3 TRUE TRUE FALSE TRUE FALSE TRUE FALSE FALSE
4 TRUE TRUE FALSE TRUE TRUE TRUE FALSE FALSE
5 TRUE TRUE FALSE TRUE TRUE TRUE FALSE TRUE
6 TRUE TRUE TRUE TRUE TRUE TRUE FALSE TRUE
7 TRUE TRUE TRUE TRUE TRUE TRUE TRUE TRUE
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radiative and climate forcings. Based on visually analyzing the
time series of climate proxies, the historical and contemporary
flood analysis suggests that flooding periods with atmospheric
conditions marked by a positive NAO phase are, in general,
related to positive temperature anomalies in the NH and high
values of TSI (see Fig. 5). Similar findings were reported by
Corella et al. (2014). These authors used an annual recon-
struction of extreme rainfall since the fourteenth century in
Montcortés Lake (northeastern Spain, 1027 m above sea
level), and they found that extreme rainfall variability posi-
tively correlated with solar activity and autumn reconstruc-
tions of the NAO. Research based on the paleoclimate
simulations performed by Haigh (2003) and Gray et al.
(2010), among others, provides evidence that the general
atmospheric circulation pattern and particularly El Niño–
Southern Oscillation (ENSO) in a warm phase (El Niño), can
be influenced by high solar activity. The major implications of
the solar activity in the atmospheric variability modes were
already observed at the end of the twentieth century (Rogers
1984; Polonsky and Sizov 1991): an intensification of the
atmospheric circulation in the North Atlantic (positive NAO)
is produced just before and during the maximum develop-
ment of the ENSO warm phase (high solar activity), and a
relaxation (negative NAO) is observed during the ENSO cold
phase (low solar activity). The configuration of atmospheric
general circulation is like that described by various authors,
who refer to it as a paleo-NAO pattern (Wanner et al. 2008,
2011). This is defined as the decade state of the atmospheric
variability in the North Atlantic, and it seems to be the domi-
nant atmospheric variability mode during warm climate pulsa-
tions and high-solar activity (Wirth et al. 2013).

Nevertheless, opposite trends are observed in other regions
in central Europe and Iberian Peninsula. Paleoflood analysis
sited in the Swiss Alps (Peña et al. 2015; Schulte et al. 2015,
2019b; Peña and Schulte 2020) and Duero basin (Benito et al.
2021) have shown that high summer flood frequencies in the
Alps and central part of the Iberian Peninsula are mostly
related to the negative SNAO [see Folland et al. (2009) for
more details about this atmospheric mode] and low solar
activity. This discrepancy is in accordance with the findings
presented by Corella et al. (2014, 2016) on Montcortés Lake,
as well as other findings on the lake, fluvial, and historical
records in the Iberian Peninsula (Benito et al. 2003; Vaquero
2004; Moreno et al. 2008) and the western Alps (Schulte et al.
2009, 2015, 2019b; Wilhelm et al. 2012; Peña et al. 2015). We
suggest that complex solar-induced changes in atmospheric
circulation patterns reflect a strong regional contrast in the
occurrence of flooding events and that the mechanisms
related to the correlations between solar activity and NAO
dynamics are not sufficiently understood. By developing
a multi-archive integration approach in the Bernese Alps,
Schulte et al. (2019b) credit the phenomenon of inhomogeneous
response of local neighboring catchments to 1) their physio-
graphic parameters, including size, altitude, storage capacity,
and connectivity of basins, and 2) their climate parameters,
including type, spatial distribution, duration, and intensity of
precipitation.

Additionally, our analysis seems to support the hypothesis
that the increased frequencies and magnitudes of floods
occurred in periods of rapid climate change when, according
to Knox (1993), changes in atmospheric circulation patterns
can result in changes in magnitude and the recurrence rates of

TABLE 10. Regression analysis, showing model selection using adjr2, Cp, AIC, and BIC selection criteria, plus rsq and rss
coefficients. The best model based on each selection criterion is marked in boldAU19 face type.

Model No.: 1 2 3 4 5 6 7

rsq 0.2288 0.2523 0.3514 0.3633 0.3673 0.3721 0.3731
rss 308.5 299.1 259.4 254.7 253.1 251.2 250.8
adjr2 0.2268 0.2486 0.3465 0.3568 0.3593 0.3625 0.3619
Cp 86.45 73.67 13.57 8.14 7.58 6.63 8.00
AIC 2101.2 2111.6 2166.6 2172.0 2172.6 2173.6 2172.2
BIC 292.2 298.6 2149.6 2151.0 2147.6 2144.6 2139.3

TABLE 11. Summary of regression analysis, giving results from the stepwise regression method. Significance is indicated as follows:
p , 0.001 is indicated by three asterisks, p , 0.01 is indicated by two asterisks, p , 0.05 is indicated by one asterisk, and p , 0.1 is
indicated by a Maltese cross. The rse is 0.7984 on 394 degrees of freedom (DF), the multiple r-squared is 0.3721, the adjusted
r-squared is 0.3625, and the F statistic is 38.9 on 6 and 394 DF, with p value , 2.2 3 10216.

Coef Estimate std dev Error t value Pr(.|t|) Significance

(Intercept) 0.000 0.0399 0.000 1.0000 }

GHG 20.7875 0.0947 28.319 1.47 3 10215 ***
VOL 0.0733 0.0426 1.719 0.0864 S

SOL 0.4396 0.0518 8.485 4.43 3 10216 ***
TEMP 0.1123 0.0540 2.079 0.0383 *
KK10 20.7394 0.1024 27.221 2.68 3 10212 ***
NAO 0.0702 0.0401 1.749 0.0810 S
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extreme rainfall that are related to flooding. We can observe
in Fig. 5 that flooding periods occurred during rapid transi-
tions of high to low TSI values, or vice versa. Only the last
flood period (D) saw no changes in TSI values under global
warming conditions, with an increase of the temperature as a
result of anthropogenic global warming.

However, the construction of reservoirs during the second
half of the twentieth century in the Ebro River reduces the
runoff peak discharge, which helps to explain the reduction of
peak flow during the 1982 flood in Tortosa: discharge changes
from 5200 m3 s21 just after the Segre-Cinca contribution to
only 3780 m3 s21 in Tortosa (Batalla and Vericat 2011). These
issues play an unquestionably important role in understanding
flood processes and managing flood risk but in other catch-
ments this anthropogenic impact does not mask the climatic
imprint on floods during the twentieth and twenty-first centu-
ries (Peña et al. 2015; Schulte et al. 2019a; Blöschl et al. 2017;
Benito et al. 2021). The dynamics of the North Atlantic con-
tribute with valuable information or risk assessment and man-
agement as also indicate recent studies (Schulte et al. 2020AU8 ;
Peña and Schulte 2020AU9 ; Benito et al. 2021). The systematic
evaluation of paleoclimates simulated by models helps to
improve our understanding of past and future climates, as
well as their impacts. Whereas the modeling of paleoclimates
has improved during the past two decades, the simulation of
synoptic pattern of past hydrological extreme events is novel
and under development (Peña et al. 2015; Schulte et al. 2019AU10 x;
Peña and Schulte 2020). In this respect, our study contributes
to understanding the atmospheric variability related to flood fre-
quency over the past 400 years in a large western Mediterranean
basin. Moreover, the method used here has been useful for
obtaining the low-frequency atmospheric variability modes in
the eastern North Atlantic and Europe, as well as for obtaining
the synoptic types related to the largest floods in the lower Ebro
basin. This has improved both our understanding of floods and
their forecasting in the future.

6. Conclusions

We study the atmospheric variability associated with
Tortosa major flood episodes (peak discharges greater than
2900 m3 s21) since 1600 using a historical flood reconstruc-
tion database from the Ebro River in Tortosa and Xerta,

data from the Twentieth Century Reanalysis Project (1836–
2005), sea level pressure reconstructions (Luterbacher et al.
2002; 1659–1999), and the Last Millennium Ensemble Project
simulations (1600–2005).

The prevailing synoptic conditions (high-frequency atmo-
spheric variability related to day-to-day changes) that favor
heavy rainfall explain well the hydrological reconstruction of
the flood events. The synoptic types are characterized by Atlan-
tic low pressure systems that interact with the Mediterranean
warm air mass that destabilizes the atmosphere due to tem-
perature differences between the surface (warm and moist
air from the Mediterranean Sea) and the middle levels of
the troposphere. Furthermore, due to high pressure sys-
tems located in central Europe causing stagnation of the
synoptic configuration, long-lasting rainfall can occur over
the Ebro basin.

We detected four periods (or clusters) of high-frequency
flooding (.2900 m3 s21) in Tortosa: 1617–43, 1710–87,
1825–84, and 1907–85. Most of these are related to high solar
variability phases (high to low values of solar activity or vice
versa), which altogether highlight atmospheric and hydrologi-
cal instability during periods of rapid climate change.

In the lower Ebro River, the low-frequency atmospheric
variability connected to these flood periods is related to the
positive phase of the NAO, relative high values of solar activ-
ity, and positive Northern Hemisphere temperature anoma-
lies. This provides evidence that complex solar processes
might provoke changes in temperature and variability in the
atmospheric circulation. The NAO mode shows that the
major floods in the region are related to the zonal atmo-
spheric circulation (west to east cyclone transfer). These
atmospheric disturbances have a winter effect in the western
part of the basin (upstream of Zaragoza), while the Pyrenean
subbasins (the Cinca and Segre Rivers) are affected during
autumn.

The results from our study help to improve our understand-
ing of the past, present, and future climates, as well as their
impacts, thereby enhancing the knowledge base for address-
ing some aspects and impacts of climate change so as to
reduce uncertainty about future outcomes. Furthermore,
future investigations seeking to detect and prevent extreme
events will find it particularly useful to establish relationships

TABLE 12. Summary of regression analysis, giving results of the Monte Carlo simulation results to improve the stepwise regression
model parameters. Significance is indicated as follows: p , 0.001 is indicated by three asterisks, p , 0.01 is indicated by two asterisks,
p , 0.05 is indicated by one asterisk, and p , 0.1 is indicated by a Maltese cross. The rse is 0.7753 on 394 DF, the multiple r-squared
is 0.4767, the adjusted r-squared is 0.4414, and the F statistic is 228.4 on 6 and 394 DF, with p value , 2.2 3 10216.

Coef Estimate std dev Error t value Pr(.|t|) Significance

(Intercept) 0.011 53 0.091 24 0.126 0.8995 }

SOL 0.463 36 0.028 21 16.425 ,2.00 3 10216 ***
TEMP 0.109 38 0.022 57 4.845 1.82 3 1026 ***
GHG 20.842 75 0.030 41 227.717 ,2.00 3 10216 ***
KK10 20.705 55 0.043 34 216.281 ,2.00 3 10216 ***
NAO 0.065 43 0.027 23 2.403 0.0167 *
VOL 20.072 92 0.013 46 25.419 1.04 3 1027 ***
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between modes of low-frequency atmospheric variability, syn-
optic types, and flooding.
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FIG. 7. SLP composites from (left) LME, (center) 20CRv3, and (right) Luterbacher et al. (2002) grid, showing (a) composites of SLP for
the reference

AU15

period 1850–1900, (b) flood periods minus mean period, and (c) no-flood periods minus mean period. See Fig. 1 to locate the
study area.
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