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1 | INTRODUCTION

The coastal floods experienced along the Atlantic coast-
lines of North America and Europe often have a com-
pound dimension, where the interaction of multivariate
drivers exacerbate the effects. In Hurricane Harvey in
2017, the rainfall in and around Houston would have
caused a flood alone, but the impacts were compounded
by the slow moving storm surge (Valle-Levinson
et al., 2020). Superstorm Sandy in 2012 produced the
highest storm surge ever recorded at spring tide and high
winds, causing major flood impacts in New York City
and surrounding areas, and this was compounded by sig-
nificant rainfall (Zscheischler et al., 2018). In Brittany,
France, 600 persons were affected by coastal flooding in
December 2000 that occurred due to the combination of
heavy precipitation over several river catchments and a
storm surge generated by an extra-tropical storm
(HANZE database, Paprotny et al., 2018). Lastly at Lym-
ington, Hampshire on December 24, 1999 the town was
flooded due to tidal locking of the high run-off down the
Lymington River by a large surge produced by the same
storm system, with this flooding overwhelming recently
upgraded defences (Ruocco et al., 2011).

These events illustrate clearly that hydrological and
oceanographic processes are connected by weather sys-
tems. Precipitation extremes can have a wide range of
causes, such as convection along orography, thunder-
storms, and fronts in addition to cyclones (Messmer and
Simmonds, 2021). However, storm surges are driven by
barometric pressure effects and strong winds, caused by
intense cyclonic activity, which push water towards the
coast (Bevacqua et al., 2019). This prerequisite of a
cyclonic storm being necessary in the generation of com-
pound flooding events has been confirmed in the com-
parison of the weather patterns associated with extreme
flooding events caused by combinations of storm surges
and rainfall along the main U.S. cities (Wahl et al., 2015).
This weather prerequisite has also been corroborated in a
study performed for the United Kingdom (Hendry
et al., 2019) where distinctive differences in storm types
experienced along the western and eastern coasts of the
United Kingdom explain the relative absence of com-
pound events on the latter as compared to the former.
Therefore, an understanding of the underlying phenom-
ena and identification of the drivers of compound events
are both important to improve their prediction and risk
assessment (Zscheischler et al., 2020).

In the past, composite meteorological maps have been
used to examine the synoptic weather systems that most
frequently influence co-occurring storm surge and precip-
itation extremes (Wahl et al., 2015), or skew surge and
river discharge extremes (Hendry et al., 2019). A

correlation-based, map-typing technique was also applied
to identify composite synoptic patterns associated with
compound events caused by extreme surges and rainfall
(Wu et al., 2018). Methods based on tracking individual
cyclones in space and time (i.e., a quasi-Lagrangian
approach) were used to identify compound events caused
by extreme wind and spatially large precipitation
(Messmer and Simmonds, 2021). More sophisticated
methods based on dynamical-systems theory have also
been applied to co-occurrences of wind and precipitation
extremes (De Luca et al., 2020).

Weather types (WTs) provide one of the main
methods used to classify atmospheric circulation patterns
in synoptic climatology (Yarnal, 1993; Barry and
Chorley, 2003). The first synoptic classifications were
obtained by applying manual procedures (Hess and
Brezowky, 1969; Lamb, 1972) becoming more objective
using mainly clustering techniques (Hewitson and
Crane, 2002; Sheridan, 2002; Gutiérrez et al., 2005). In
addition to being used as a tool for describing atmo-
spheric states and processes, synoptic weather classifica-
tion has also been used to model the linkage between
circulation and surface climate (Huth et al., 2008). This
nonlinear relationship between atmospheric conditions
(predictor) and the local environmental variables
(predictand) has been applied to develop statistical down-
scaling methods for projecting wave climate (Camus
et al., 2014; 2017), an extreme value model (Rueda
et al., 2016), or climate emulators for coastal flooding
(Anderson et al., 2019; Cagigal et al., 2020). Other appli-
cations of synoptic weather patterns analysed climate-
related disasters such as fires (Ruffault et al., 2017) or
deep persistence slab avalanches (Schauer et al., 2021).

On the other hand, the definition of compound
events has developed from a driver to an impact per-
spective in recent years. This led Zscheischler et al. (2020)
to propose a typology of these events in which flooding
is considered to be caused by the interaction between
multiple climate drivers and/or hazards within the same
geographical region, that may not be extreme them-
selves, but whereby their joint occurrence causes an
extreme impact. The lack of data of the hazard or impact
at regional and global scales have resulted in the appli-
cation of two-sided conditional sampling to bivariate
drivers to identify compound flooding potential events
(Wahl et al., 2015; Ward et al., 2018; Couasnon
et al., 2020; Camus et al.,, 2021; Nasr et al., 2021).
Recently, Eilander et al. (2020) simulated water levels at
river mouths generated by the interaction between
oceanographic and riverine drivers using a global
coupled river-coast flood model framework. This dataset
opens the possibility to use water surface elevation as a
consistent indicator of flooding hazard.
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Therefore, the overall aim of this study is to relate the
spatial and temporal occurrence of compound events
along the North Atlantic estuaries to their respective
daily weather conditions using (a) a weather-typing
approach and (b) the global database of water levels
developed by Eilander et al. (2020). Synoptic circulation
patterns over more than three decades are obtained by
applying classification techniques. The specific objectives
are to: (a) improve the understanding of dependence in
compound flood-producing extremes identifying the
atmospheric patterns that more likely generate these type
of events; (b) assess the ability of weather types to capture
the spatial and temporal variability of the occurrence of
compound flooding potential.

We divide the study area into two sub-domains con-
taining the densely populated European and
United States Atlantic coastlines, respectively, thereby
capturing systematic differences in the storm activity
experienced along both coastlines. Only the extratropical
season (December, January, February, March, April and
May, DJFMAM) is analysed for the U.S. coastline because
tropical cyclones are not properly reproduced in ERA-
Interim, which is the forcing used for the Eilander
et al. (2020) database. These specific features determine
two distinct applications of the methodological
framework.

The remainder of this paper is structured as follows.
Section 2 describes the databases used to define the atmo-
spheric conditions and coastal compound events. The
methods applied to identify extreme compound events
and classify daily weather conditions are introduced in
section 3. Weather patterns in the two subdomains are
presented in section 4. The links between synoptic pat-
terns and the occurrence of compound events are
analysed in section 5. Section 6 analyses climate variabil-
ity and the occurrence of compound events based on
their correlation with climate indices. Section 7 provides
a discussions and section 8 concludes.

2 | DATA

In this study, we differentiate between the local hydrolog-
ical and oceanographic variables and the synoptic-scale
atmospheric conditions. Local variables are the water
surface elevation on the river mouths and the two
drivers, sea level and river discharge, that interact and
modify water level at the river outlets. The atmospheric
conditions are used as large-scale predictors of the local
sea-surface dynamics (predictands), and to obtain
weather patterns. In addition, several climate indices,
representative of the climate variability in the North
Atlantic, are used to analyse their influence in the

frequency and location of the coastal
events (CEs).

compound

2.1 | Local hydrological and
oceanographic variables

2.1.1 | Water surface elevation

We use the global database of daily water surface eleva-
tions (WSEs) in estuaries (1980-2014), developed by
Eilander et al. (2020), that accounts for river discharge-
storm surge interactions, to identify the coastal CEs. This
dataset is publicly available and contains simulated water
levels and discharge at 3,433 river mouth locations glob-
ally, including several components of nearshore still
water levels. The dataset was generated using a state-of-
the-art global river routing model (CaMa-Flood;
Yamazaki et al., 2011), bounded by dynamic sea level. A
multimodel ensemble (six members) of global hydrologi-
cal models and land surface models with meteorological
forcing from ERA-Interim (Dee et al., 2011) and MSWEP
27 v1.2 (Beck et al., 2017) were used to force the model
CaMa-Flood with runoff data. Only data for catchments
with a minimum size of 1,000 km? are provided here, due
to the relatively coarse resolution of the hydrological
models.

2.1.2 | Skew surge

To characterize the oceanographic flooding driver, storm
surge, we used the skew surge parameter (S), which is
the difference between the maximum sea level and the
maximum astronomical tide within each tidal cycle,
regardless of their timing. Daily time series of skew surge
are obtained from time series of total water levels which
were used to force the hydrodynamic model used by
Eilander et al. (2020). Surge levels from the Global Tide
and Surge Reanalysis based on the GTSM model (Muis
et al., 2016), and tide levels from the FES2012 model
(Carrere et al., 2013), defined the dynamic sea level data.

2.1.3 | River discharge

Daily time-series of river discharge (Q) were extracted
from the CaMa-Flood global model driven with the same
precipitation dataset as in Eilander et al. (2020) and
forced by a constant mean sea level, which means that
the river discharge variable is the result of upstream
catchment processes only. For this reason, we use river
discharge simulations provided by Couasnon et al. (2020),
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which were generated by routing the mean daily runoff
of the JULES model.

2.2 | Synoptic-scale atmospheric
conditions

River discharge is an integrated result of hydrological pro-
cesses in a river system in transporting runoff from rain.
Therefore, precipitation (P) is considered as the main
driver of river discharge, although other climatic and non-
climatic factors affect the fluvial source driver (Bevacqua
et al., 2020). However, we only consider atmospheric
drivers responsible for the short-term variability (in the
order of days). Storm surge is the sea level variation gener-
ated by wind and atmospheric pressure changes. Sea level
pressure (SLP) represents the geostrophic wind conditions.
In order to avoid redundancy of information, only P and
SLP are used in the classification and wind is added to aid
understanding of the synoptic conditions.

Hourly SLP, wind and P fields were extracted from
the ERAS5 reanalysis (Hersbach et al, 2020) at
0.25° x 0.25° resolution. The ERA5 hourly dataset spans
1979 onwards and is currently publicly available at the
Copernicus Climate Change Service. Here, accumulated
daily P, mean daily SLP, and mean daily wind fields were
calculated from hourly data.

2.3 | Climate indices

Here we use the North Atlantic Oscillation (NAO) climate
index, which was downloaded from the National Oceanic
and Atmospheric Administration (NOAA) Climate Predic-
tion Center (www.cpc.ncep.noaa.gov). This leading monthly
teleconnection index is derived from rotated empirical
orthogonal function (EOF) analysis of the monthly mean
standardized 500-mb height anomalies in the Northern
Hemisphere, in the region 20°-90°N (Barnston and
Livezey, 1987). We also use the western Europe pressure
anomaly (WEPA), a climate index developed by Castelle
et al. (2017), and computed as the normalized SLP gradient
between Valentia (Ireland) and Santa Cruz de Tenerife
(Canary Islands) that best explains winter wave height vari-
ability along the Atlantic coast of Europe.

The Pacific-North America (PNA) pattern is one of
the dominant modes of low-frequency variability in the
Northern Hemisphere extratropics. The PNA index has
been chosen as the second mode of a Rotated EOF analy-
sis using monthly mean 500 mb height anomaly data
from 1950 over 0-90°N latitude.

The El Nifo-Southern Oscillation (ENSO) is a peri-
odic fluctuation in sea surface temperature (El Nifio) and

the air pressure of the overlying atmosphere (Southern
Oscillation) across the equatorial Pacific Ocean. The Oce-
anic Nifio Index (ONI) is one of the primary indices, cal-
culated as a 3-month running mean of the sea surface
temperature anomalies in an area of the east-central
equatorial Pacific Ocean, which is called the Nifio3.4
region (5 S-5 N; 170 -120 W).

3 | COASTAL COMPOUND EVENTS
Compound flooding events were defined as extreme WSE
events caused by extreme Q and S events. The occurrences
of these events were calculated to identify compound-
dominant locations in the study domain and perform a
more detailed analysis in some specific locations (section 5).

3.1 | Sampling

A peak over threshold (POT) approach was used to select
independent extreme events of WSE, Q and S considering
a storm duration of 3 days. A threshold that guarantees
three events per year was established. These values were
selected following previous studies (e.g., Ward
et al., 2018; Bevacqua et al., 2019; Hendry et al., 2019;
Eilander et al.,, 2020; Camus et al., 2021). CEs were
defined as those extreme events of WSE that are gener-
ated by Q and S over their corresponding POT threshold.
The values of Q and S associated with extreme WSE
events were selected within a time window of 1 day.

To illustrate the sampling approach, time series of
WSE, Q and S during the year when the maximum WSE
events occurred at three locations along the European
North Atlantic coastlines (see Figure 2 with these loca-
tions marked) are shown in Figure 1 (see Figure S1,
Supporting Information with the same analysis for the
three selected locations along the U.S. coastlines). Some of
the selected extreme WSE events are coincident also with
the extreme Q and S events selected by POT (represented
in black). However, most of the extreme WSE events iden-
tified in the second location correspond to extreme Q, but
not events with S over the POT threshold. These different
characteristics of extreme WSE events are reflected in the
scatter plots which display the corresponding value of the
river discharge and skew surge of these WSE events. The
range of the values of WSE, Q and S are different between
the different locations. The relationship between these
three variables also varies between locations. Spearman
correlation coefficients were found to be 0.63 in location
1 and 0.89-0.85 in locations 2 and 3 for the pair WSE-Q,
while they are 0.3, 0.26 and 0.46 at locations 1, 2 and
3, respectively, for WSE-S.
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Scatter plots of river discharge (Q) against skew surge (S) for the identified extreme water surface elevation (WSE) events

(represented by the red scale) at three locations along the European coastline (see Figure 2 for locations). Time series of WSE, Q and

S during the year with the highest extreme WSE event. Extreme WSE events which coincide with an extreme Q event are represented with a

red circle, those that coincide with an extreme S event are represented with a blue circle, and WSE events that coincide with extreme Q and

S events are represented with a black asterisk [Colour figure can be viewed at wileyonlinelibrary.com]

3.2 | Identification of compound-
dominant locations

We use the number of CEs as an indicator of compound-
dominant behaviour. Figure 2 shows these results for the
study locations along the European coastlines for the
entire year and along the U.S. coastlines only for the
extratropical season. Locations with the highest number
of CEs (more than 30) are concentrated along the west
coast of the United Kingdom, the Iberian Peninsula and
the area around the Strait of Gibraltar. Along the
U.S. coast, the maximum number of CEs are of the order
20, and the percentage of locations with this number are
much lower than along the European coast. Three
compound-dominant locations are selected in each of
these two coastlines to perform a detailed analysis of the
meteorological conditions that generate these events
(section 5).

4 | WEATHER PATTERNS IN THE
NORTH ATLANTIC OCEAN

Weather types (WTs) of the predictor of coastal CEs,
defined by SLP and precipitation, were obtained by com-
bining three data mining techniques, following Camus
et al. (2014). First, a principal component analysis (PCA)
was applied to the multivariate spatial predictor to reduce

the data dimensionality and simplify the classification.
Second, the predictor in the EOFs space was clustered
using k-means algorithm (KMA). Third, the set of clus-
ters was organized in a lattice using a similarity criterion
that facilitates understanding a larger number of patterns
and discerning transitional nodes between patterns
(Sheridan and Lee, 2011).

4.1 | Predictor definition

River discharge is directly linked to rainfall intensity over
the watershed, as well as being a function of topography,
geology and land use. For this reason, we decided to use
a dynamic predictor which accounts for precipitation falls
during the same day (Day 1) and up to 2 days prior to the
occurrence of a compound event simulating the basin
time lag. Simultaneously, we introduced information
about the evolution of the storm through SLP fields dur-
ing these 3 days to distinguish between different types of
extratropical cyclones. The spatial domain of the predic-
tors for the study sites along European -coastlines
stretches from latitude 30°-70°N and from longitude
30°W-10°E (European predictor domain). The spatial
domain of the predictors for the study sites along
U.S. coastlines stretches from latitude 20°-55°N and from
longitude 100°-50°W  (North American predictor
domain).
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combination of extreme river discharge and skew surge) along the European coastline during the entire year; (b) along the U.S. coastline
during the extratropical season (DJFMAM) from 1980 to 2014. Three locations are selected in each of these two coastlines (black squares) for
detailed analysis: European coastlines (a): (1) Nith River (Scotland); (2) Douro River (Oporto, Portugal); (3) Oued Tahadart River (Morocco);
U.S. coastlines (b): (1) Occuquan River (Belmont Bay, northern Virginia); (2) North Santee River (north Caroline); (3) Pearl River
(Mississippi-Louisiana, Gulf of Mexico) [Colour figure can be viewed at wileyonlinelibrary.com]|

4.2 | Synoptic weather types

Daily dynamic predictors over the European and North
American domains were classified into 64 or 49 patterns
using KMA, respectively. The number of patterns was
based on a compromise between a climatology character-
ization, but at the same, able to distinguish different low-
pressure systems that generate CEs.

4.2.1 | European subdomain

Figure 3 shows the 64 WTs that characterized the synop-
tic patterns for European locations in an organized two-
dimensional lattice with similar patterns located
together, varying smoothly from one cell to another. Only
the SLP and P fields corresponding to day 1 are represen-
ted. WTs with intense low-pressure systems but different
locations of the pressure centre are distributed along the
lattice edges. WTs located in the upper right corner of the
lattice are characterized by intense low systems over the
higher latitudes of the spatial domain, with an important
anticyclone over the western Europe. Precipitation is
mainly distributed over western part of the Scandinavian
Peninsula. WTs located on the left edge of the lattice rep-
resent strong low-pressure systems over the north-west
domain associated with heavy localized precipitation as
the system is displaced to the south. Other relevant WTs

which characterize situations of intense low-pressure and
precipitation along the western coast of the Iberian Penin-
sula are located in the lower right corner of the lattice.
Figure 3b shows the seasonal occurrence probability of the
WTs during the historical period (1980-2014), while
Figure 3c is the associated mean duration (in days) of the
persistent conditions at each WT. Higher persistence is usu-
ally found for the WTs representing anticyclonic conditions,
as per the ones located along the upper edge of the lattice.

4.2.2 | North America subdomain

The 49 WTs obtained over the North America domain for
extratropical season are represented in Figure 4. Four
main groups of patterns can be distinguished on the lat-
tice. WTs located on the upper left corner are character-
ized by large low-pressure systems displaced to the east
with precipitation over the ocean. Localized lows over
Newfoundland, usually with a dipole structure (i.e., a
high-pressure centre over the interior of the North Amer-
ican continent) dominate on the right lower corner.
High-pressure systems, some of them with important pre-
cipitation over the North Atlantic coastlines, are located
in the middle lower cells. On the other hand, local low-
pressure systems at different latitudes along the coastline
with heavy precipitation are concentrated on the right
edge of the lattice.
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FIGURE 3

(a) 8x8 weather types (WTs) represented by the sea-level pressure, in hPa, wind (left panel) and precipitation, in mm, (right

panel) fields at Day 1 obtained from the predictor classification for European locations; (b) seasonal occurrence probability (%) of WTs
(in blue scale); (c) duration in days of the WT persistence (in red scale) [Colour figure can be viewed at wileyonlinelibrary.com]

5 | LINKING COMPOUND EVENTS
AND SYNOPTIC WEATHER
PATTERNS
5.1 | European coastlines
Figures 5 and 6 show the link between the identified CEs
at the three locations selected along each of the North
Atlantic European coastlines and the respective WTs.
Figure 5 displays the scatter plot of Q and S, with WSE
represented by the dot colour, of those CEs generated by
synoptic situations within each WT. Figure 6a shows the
probability of CEs associated with each WT, while
Figure 6b shows the probability of occurrence of these
WTs, and Figure 6c the probability that a CE occurs
given the presence of each WT for the period 1980-2014.
This latter probability is calculated by dividing the occur-
rence probability of each WT between its mean persis-
tence to avoid counts belonging to the same storm.

At the Scottish river (location 1 in Figure 2a), CEs are
generated mainly by two patterns, WT4 and WT5, which
correspond to 10 and 13 events, respectively, from a total

of 40 events (see Figures 5-1 and 6al). These two patterns
resemble the NAO spatial mode, which is characterized
by a strengthening of the low over Iceland and the high
around the Azores (Portugal). There are several differ-
ences between these WTs. WT5 is a north-south dipole
with horizontal winds, while in WT4, the dipole is ori-
ented northwest-southeast and consequently experiences
winds from the southwest. A more eastern location of the
low-pressure centre in the case of WT5 could explain
why the CEs associated with WT5 present a higher skew
surge. We calculate for each WT which WT occurs on the
following day. These results, in terms of their probability
and represented in a square matrix, define the transition
probability matrix. This matrix describes the transition of
each WT on the following day, which can be to remain in
the same WT (persistence) or to progress to different
ones. The diagonal dominance of the transition probabil-
ity matrix indicates that the most common behaviour is
to remain in the same WT (see Figure S3). In the case of
WT4, the transition matrix also reveals that there is a sig-
nificant probability to evolve to WT5. The occurrence
probability of these WTs is around 1.2% due to their
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extremeness (see Figure 6bl), whereas the probability
that a CE occurs is around 15% for WT4 and 28% for
WTS5 (see Figure 6¢c1). Three-day dynamic WT5 pattern
gives information about the evolution of the precipitation
driver which is more intense during the preceding day or
2 days to the subsequent CE episode (Figure S2). The
analysis of the different storms represented by these two
patterns reveals different spatial distributions of precipi-
tation in the case of WT4 along the tight gradient of
high-low pressure.

CEs are less frequent in the estuary of Douro River
(location 2 in Figure 2a) at the western coast of the Ibe-
rian Peninsula, and they are generated by a wider variety
of atmospheric conditions. Three distinctive WTs are the
main synoptic patterns associated with CEs, namely
WT64, WT14 and WT8, with 7, 6 and 5 events, respec-
tively (see Figures 5-2 and 6a2). Precipitation is restricted
to the geographical area of the study site, especially in
WT14 and WT64 with high low-pressure systems located
further from the coast, while WT8 is characterized by
more local systems which usually generate higher storm

surges. Only in around 15-25% of the occurrence of these
synoptic patterns, was a CE identified (see Figure 6c2).

In the Moroccan River (location 3 in Figure 2a), most
of the CEs are associated to WT8 and WT24, with 20 and
7 events out of a total of 46, respectively (see Figures 5-3
and 6a3). WT8 is characterized by a medium low-
pressure system centred around the north-west corner of
the Iberian Peninsula accompanied with a spatial pattern
of precipitation that covers the whole western Iberian
Peninsula, with more intense rainfall over the Strait of
Gibraltar. WT24 is defined by a less intense and smaller
low-pressure system towards the south, with heavy pre-
cipitation localized in the most southern area of this sub-
domain during the 3 days considered in the definition of
the dynamical predictor. There is a probability of around
90% that WT8 is associated with the occurrence of a CE
(see Figure 6¢3).

The number of CEs associated with each WT has
been calculated for all locations along the North Atlantic
European coastlines (see Figure 7). Note that Figure 7
only includes instances where the number of events is
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higher than one, to avoid spurious outputs, and the scale along the coasts of Ireland and the west coast of the
reaches 10 CEs as the maximum value. WTs with higher =~ United Kingdom. Regarding WTS5, the synoptic condi-
number of CEs are located in the left side of the lattice. tions represented by this pattern also generated CEs
WT4 and WTS5 are mainly associated with CEs that occur ~ along the north coast of Spain. Similar behaviour is
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FIGURE 8 Weather types (WTs) linked to compound events (in colour) of the U.S. WT classification (Figure 4) and the corresponding
scatter plot of river discharge versus skew surge (water surface elevation, in m, in a red scale) at three locations selected along the North
Atlantic U.S. coastlines (1, 2, 3, see Figure 2b) [Colour figure can be viewed at wileyonlinelibrary.com]
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observed for WT6. This is due to the wider spatial
pattern of precipitation of WT5 and WT6 compared with
WT4. WT7, WT14 and WT15 are transitional patterns
over the lattice, from low-pressure systems centred in
the north moving to the south with localized precipita-
tion mainly over the northwest coast of the Iberian Pen-
insula, which is reflected in several CEs occurring in
these locations. The most important pattern regarding
the number of CE occurrences is WTS8, and also the
extension of the corresponding spatial footprint of CE
occurrences which covers the west coast of the Iberian
Peninsula and north of Africa. Other significant patterns
that have not been showed up in the analysis of the
three locations are the WT33, WT41 and WT42, which
are characterized by low-pressure centres in high lati-
tudes with precipitation over the Baltic Sea and North
Sea which are, therefore, linked to CEs along the coast-
lines of these areas.

5.2 | North American coastlines

Figures 8 and 9 display the link between synoptic
patterns and CEs at each of the three selected locations
over the North Atlantic American coastlines. The main
synoptic-scale compound flooding potential WT (WT30)
is common to the three locations, albeit with different
associated CE occurrence. This pattern is characterized
by low-pressure systems generated in the south of the
predictor domain that move northward along the north-
east American coastline (see Figure S4). In the case of
Occuquan River (location 1 in Figure 2b), around 37% of
CEs (from a total of 19 events, see Figure 8-1) are associ-
ated with this WT, which occurs only around 12% of the
time (see Figure 9c1). WT37 and WT44, which are char-
acterized by low-pressure systems centred northward, are
also representative of compound flooding patterns in this
location, with a CE occurrence of around 25-30%
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FIGURE 9

Results at three locations selected along the North Atlantic U.S. coastlines (1, 2, 3, see Figure 2b) for the U.S. weather type

(WT) classification (Figure 4): a) probability (%) of compound events associated with each WT; (b) occurrence probability (%) of each WT
associated with compound events; (c) probability (%) of getting a compound when the associated WT occurs [Colour figure can be viewed at

wileyonlinelibrary.com]
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(see Figure 9c1). In estuary of North Santee River (loca-
tion 2 in Figure 2b), the highest number of CEs (around
36% of a total of 17) and the highest probability that a CE
is generated when this WT occurs (10% of the time) are
also associated with WT30. WT37 and WT44 are also
identified as compound flooding patterns, as in location
1, with 11% of CEs associated with each WT and a proba-
bility that a CE occurs limited to 5% (see Figure 9¢c2). In
the estuary of Pearl River (location 3 in Figure 2b), the
main compound flooding pattern is WT23, representing
synoptic conditions defined by a local low system over
the coast of the Gulf of Mexico which generates southeast
winds with heavy localized precipitation. The
corresponding probability of CEs is around 42% of a total
of 19 events (see Figures 8-3 and 9a3) and the probability
that a CE arises when these WTs occur is around 12%
(see Figure 9c3). The second WT in terms of associated
CE occurrence at location 3 is WT29, with a probability
of around 20% but with a probability that a CE occurs
when this atmospheric situation is presented being lower
than 6%. This pattern is not characterized by a low sys-
tem, but intense southeast winds CE that might generate
high sea levels accompanied by heavy localized rainfall
during the same day and the two preceding days. In this
case, the transition probability matrix shows that, besides
the high probability of persisting in the same WT, there
is a similar probability that WT23 progresses to WT30,
and the WT30 to WT44 (see Figure S5).

The distribution of the number of CEs along the
North Atlantic American coastlines associated with each
WT is shown in Figure 10. WT23, WT30 and WT37,
located on the right of the second row of the lattice, and

of Climatology

identified in the analysis of the three selected locations,
are revealed as the synoptic patterns with the highest
number of CEs along the southern coast of the Gulf of
Mexico and the central eastern U.S. coastline. The stretch
of the coastline where CEs occur are conditioned to the
spatial distribution of precipitation associated with each
of these patterns and the location of the low systems.
When the total CE occurrence is divided in WTs, other
WTs emerge, such as WT39 and WT46 which are associ-
ated with CEs that occur along the coastline from New
Jersey to Maine. Although the total number of CEs in
this area is low, the within-WT occurrence is comparable
to other locations because it is mainly concentrated in
these two WTs. Besides WT23, which was identified in
the analysis of location 3, WT49 is also linked with high
CE occurrence in locations along the coast of the Gulf of
Mexico. This pattern is defined by localized intense pre-
cipitation during the previous and same day as the CE
coexisting with southeastern winds, similar to WT29 but
with much more localized rainfall.

6 | ANALYSIS OF THE
INTERANNUAL VARIABILITY OF
OCCURRENCES OF COASTAL
COMPOUND EVENTS

Figure 11a shows the Kendall rank correlation coefficient
between the annual winter (DJFM) occurrence of WTs in
the European domain and the NAO winter index,
Figure 11b shows the correlation between the number of
CEs at each study site associated with each WT and the

FIGURE 10
coastal compound events associated

The number of

with each weather type (WT) along
the North Atlantic U.S. coastlines
from 1980 to 2014 for the U.S. WT

classification (Figure 4) [Colour
figure can be viewed at

wileyonlinelibrary.com]
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NAO winter index. WT and CE occurrences represent
discrete variables, which complicate the analysis to pro-
vide a robust and significant correlation value. Small ran-
dom magnitudes are added to the occurrences and the
final results are calculated from 1,000 simulations.
Figure S7 shows some examples of the correlation
between time series of the winter occurrence of certain
WTs and the NAO or WEPA index. Figure S8 shows
some examples of the correlation between the number of
CEs that occur during winter associated to a certain WTs
and the NAO or WEPA index.

Correlation between the NAO index and the CE
occurrence is limited to lower WTs than the correlation
between the NAO index and the WT occurrence because
a CE is not always generated when the associated WT
occur. Only certain variability, represented by maximum
correlation coefficients of the order of 0.4, of the CE

occurrence at locations in the south of Ireland and
United Kingdom and on the north coast of France are
explained by the NAO index. These CEs are associated
mainly with WT4, WT5 and WT6, which its annual win-
ter occurrence is also positively correlated (coefficients
around 0.3-0.4) with the NAO index. The CE occurrence
along the southwest coast of the Atlantic Ocean is associ-
ated mainly with WT8 and neighbouring WTs, being neg-
atively correlated with the NAO index (coefficients
between —0.3 and —0.4). A similar analysis with the
WEPA index is displayed in Figure 11c,d. In this case, the
link between the CE occurrence and this climate index is
concentrated in WT5 and WT6 along the southwest coast
of Ireland and United Kingdom, with an intensification
of the positive correlation (coefficients around 0.3-0.4 in
higher number of locations) as compared to the NAO
index.
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FIGURE 11

(a) Correlation between weather type (WT) occurrence and NAO winter index (significant marked with a dot);

(b) correlation between the occurrence of coastal compound events and NAO winter index (only significant shown) along European
coastlines; (c, d) same for WEPA index, for the European WT classification (Figure 3) [Colour figure can be viewed at

wileyonlinelibrary.com]|
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The interannual variability of CE occurrence with correlation with WTs located in the lower cells of the
NAO and WEPA is associated with synoptic conditions lattice and which is reflected in a negative correlation
represented by WT4, WT5 and WT6. These patterns are ~ with compound event occurrences associated with WT8

characterized by low-pressure systems centred in lati- and WT24.

tudes of around 70-60°, where its spatial structure is Figure 12 shows the correlation between the occur-
partially explained with the spatial modes of these cli- rence of WTs within the U.S. domain (panels a and c)
mate indices. During the positive phase of the NAO, the and the PNA or ONI index during the extratropical sea-
SLP gradient is strengthened, which drives deep low-  son, and the correlation between the number of CEs that
pressure systems passing between Greenland and Scot- occur during this season at each study site associated

land that are associated with increased W-SW winds at ~ with each WT (panels b and d) and the PNA or ONI
around 60°N. The WEPA's spatial pattern is also a latitu- index (panels a and b or ¢ and d, respectively). Only vari-
dinal dipole but with a ~15° southward shift as com- ability in the occurrence of CEs associated with WTs
pared with NAO (Castelle et al., 2017) which also drives 23, 30 and 37 at study sites mainly located at the southern
a large number of deep low-pressure systems passing  stretch of the eastern U.S. coast show significant
over Ireland and the United Kingdom. During the nega-  teleconnections. The correlation is practically restricted
tive phase of the NAO, less deep southward shifted low- to WT37 and the central area of the eastern U.S. coast in
pressure systems occur, which explain the negative the case of the PNA index.
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FIGURE 12 (a) Correlation between weather type (WT) occurrence and PNA index (significant marked with a dot) during extratropical
season; (b) correlation between the occurrence of coastal compound events and PNA index (only significant shown) along U.S. coastlines
during this season; (c, d) same for ONI index, for the U.S. WT classification (Figure 4) [Colour figure can be viewed at
wileyonlinelibrary.com]
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During a positive PNA phase, the polar jet stream
across North America is stronger and farther south,
within a large-scale trough, and extended southwest to
northeast, supporting more cyclone activity along the
coast, with a more distinct, less dispersed, storm track
(Notaro et al., 2006). Therefore, a positive correlation
between WT occurrence and PNA index is found in those
WTs which characterize low-pressure centres along the
eastern U.S. coastline, with the highest correlation with
WT37 (maximum correlation close to 0.6). This relation-
ship is reflected in the positive correlation (coefficient
around 0.3-04) between CE occurrence associated to this
WT and PNA index in the mid-eastern U.S. coastline.

East Coast winter storms are known to increase dur-
ing El Nifio events (Hirsch et al., 2001), with lower atmo-
spheric pressures (Trenberth and Caron, 2000) and
greater cyclone activity more common throughout the
southern United States during the winters (Kunkel and
Angel, 1999). The higher WT occurrence during the posi-
tive phase of the ONT index is reflected in a positive cor-
relation around 0.3 in WTs 23, 30 and 37 which is
revealed in a positive correlation (coefficient around 0.3-
0.4) with CE occurrence along the southern coast of the
Gulf of Mexico, the coast of Florida and the U.S. east-
central coast, respectively.

7 | DISCUSSION

We have found considerable differences between Ameri-
can and European coastlines, with the occurrence of
CEs being more frequent in Europe. The analysis is
done for the whole year in Europe; however, most of the
CEs (around 90%) occur in the extratropical season. In
European coastlines, the distribution of the highest CE
occurrence is concentrated along the west coast of the
Iberian Peninsula and southern coast of the study
domain, in line with previous results in Camus
et al. (2021) and Couasnon et al. (2020), based on the
dependency between drivers. The west coast of the
United Kingdom and certain locations at the North
and Baltic Seas, detected by Eilander et al. (2020) and
Ganguli et al. (2020) as compound-dominant, have also
been found to be CE “hotspots” in this study. Regard-
ing the east coast of North America, the areas with the
highest frequency of CEs are located around latitudes
35°-40° and along the Gulf of Mexico, with the occur-
rence being half that compared with Europe. These
areas were also detected as the ones with the highest
correlation between sea level and precipitation in Wahl
et al. (2015), while correlations between river flows and
surges is more spatially diverse (Moftakhari
etal., 2017).

We have applied an approach based on WTs to iden-
tify the daily synoptic conditions associated with the
occurrence of CEs. This approach is different to previous
analyses of the weather conditions associated with
coastal compound flooding events. Specifically, weather
patterns are here defined without intervention of the
flooding hazard and drivers, while in other studies (Wahl
et al., 2015; Hendry et al., 2019) they are defined as the
composite of the weather situations that have caused
CEs. The subset of CEs can be split into several WTs
using this weather-typing approach which allows us, in
this case, discrimination of the diverse synoptic condi-
tions that generate CEs. However, the predictor compos-
ite based on the occurrence of CEs could gather weather
situations that they do not resemble. Another advantage
of the WT approach is that a common classification of
weather patterns can be used for the analysis of the
occurrence of CEs along a regional coastline influenced
by similar synoptic weather conditions. This attribute
allows detection of the number of locations that share the
same WTs linked to CEs, providing information about
the CE spatial footprints. Besides, the organization of
weather patterns in a lattice provides a clearer visualiza-
tion of how the CE occurrences at adjacent coastal loca-
tions are associated with similar WTs. Moreover, the WT
transition matrix allows to track if WTs associated with
CEs in contiguous locations are coming from the same
storm moving along the coastline. We found that this
behaviour is more evident along the U.S. coastlines,
because Atlantic cyclones generally either travel parallel
to the coastline towards the NE or diverge from the coast
and follow the northern boundary of the Gulf Stream
eastward (Colucci, 1976). The poleward direction of
storm tracks over the eastern U.S. is also reflected in the
elongation from southwest to northeast of patterns of
extreme precipitation and river discharge, concentrated
in the northeast, southeast and Gulf regions, respectively
(Knighton et al., 2019).

Regarding the comparison of our results with previ-
ous studies, Wahl et al. (2015) found that in New York
City and Boston, the SLP and wind composites of those
CEs defined by extreme storm surges and heavy precipi-
tation differ from weather patterns associated with events
with high storm surge and low precipitation. In this
study, the WTs associated with the highest occurrence of
CEs in the area of New York City and Boston (WT45 and
WT46 in Figure 6) are characterized by a dipole of SLP,
with a similar spatial structure as identified in Wahl
et al. (2015). The main WTs associated with CE occur-
rence are 23, 30 and 37 which can be considered
“subpatterns,” following the description in Roller
et al., 2016, of a more general weather regime pattern
characterized by a large trough between the Midwest and
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East Coast, with a ridge to the west which generates the
highest amount of precipitation in the eastern
United States. WT29 and WT49 can be associated with
another weather regime which exhibits a ridge over the
south-eastern United States and a trough offshore,
accompanied with south-west winds which bring precipi-
tation into the farther southern United States (Roller
et al., 2016).

On the other hand, CEs on the west coast of the
United Kingdom are mainly associated with weather pat-
terns that are principally characterized by dipole pressure
fields resembling the positive phase of NAO (WT4, WT5),
or low-pressure systems located close to the
United Kingdom (WT6, WT14). These WTs resemble
coastal-risk patterns derived along the west coast of the
United Kingdom (20, 26, 29 and 30) by relating a weather
pattern classification (Neal et al., 2016) to observed skew
surges (Neal et al., 2018), which were also identified as
the wettest synoptic types along the west coast of the
United Kingdom (Richardson et al., 2018). Concurrent
precipitation and wind extreme events at the western Ibe-
rian Peninsula also observed to be clearly associated with
a cyclonic feature and that most of these cyclones (60%)
either cross the Iberian Peninsula or pass to the north-
west (Hénin et al., 2021). A similar behaviour is observed
in the spatial distribution of CEs associated with WTS,
WT7 and WT6, and in the transition from WTS8 to WT7
and WT6 from the analysis of the probability matrix.

The identification of the atmospheric patterns that
are more (or less) likely to generate CEs can provide sup-
port to other applications that rely on meteorological pro-
cesses, such as flood forecasting and warning systems.
Outputs from predictions systems can be assigned to the
closest matching predefined weather patterns to provide
the likelihood of CEs which is associated with the occur-
rence of specific weather types. Furthermore, this
weather-typing approach can also be used as a statistical
downscaling method to obtain indirect long-term projec-
tions or long-term climate variability of compound
flooding potential occurrence. Probabilities of weather
patterns can be calculated in other time periods because
synoptic variables (such as SLP) or mesoscale variables
(such as precipitation) are often available for longer his-
torical time periods (e.g., 20CR, new updates of ERA5) or
climate projections (e.g., new CMIP6). Combining the
WT probabilities and probabilities of getting a CE when a
certain WT occurs (see Figure S6) allows estimation of
the changes in the occurrence of coastal CEs in the past
and on into the future.

Some subjectivity exists concerning selecting the opti-
mal number of WTs. The purpose of these classifications
is not to define weather regimes (e.g., Roller et al., 2016;
Knighton et al., 2019), which usually requires a

substantially reduced number of patterns (e.g., in the
order of five or six). In our case, we need more patterns
to differentiate between similar extratropical storms but
with slight differences in the location of the centre of
low-pressure systems and evolution which determine the
area where CEs occurs. We have analysed several indica-
tors related to the link between WTs and CEs and that
inform about the performance of the WT classification in
the characterization of CEs. These indicators are: the
number of WTs that has associated CEs, the number of
CEs within each WT and the probability of CEs when
each WT occur (see Figure S9). We have selected 8 X 8
WTs for European coastlines and 7x7 WTs for
U.S. coastlines because these sizes provide an equilibrium
between indicators (we limit the number of WTs linked
to CEs keeping similar occurrence of CEs associated with
each WT as with lower number of WTs and a probability
that a CE occurs within each WT close to higher number
of WTs). In the case of U.S. coastlines, lower number of
WTs is required because the analysis is only focused on
extratropical season. In the WT classification for
European sites, there are several WTs that only occur in
summer (see Figure 3) and they do not have any CE asso-
ciated which means that pattern’s link to CEs are limited
to similar number of WTs than for the U.S. coastlines.

While we identify compound flooding events from
flood elevation due to the interaction of discharge and
storm surge drivers, some processes remain unresolved.
GTSM does not account for nonlinear surge-tide interac-
tions, or interannual variability in mean sea levels due to
steric effects or waves, reservoirs are not included in
CaMa-Flood, and local variations in bathymetry are not
accounted for in both models (Eilander et al., 2020).
Although back-water level due to tidal and surge affect-
ing river discharge (Moftakhari et al., 2017; Ganguli and
Merz, 2019) is simulated in the water surface elevation,
the river discharge can also affect the coastal water level
(Piecuch et al., 2018). A two-way coupling between
GTSM and CaMa-Flood could assess the complete inter-
actions while the complex hydrodynamic interactions
between different flood drivers in coastal areas could be
solved using higher resolution 2D flood models (Eilander
et al., 2020).

8 | CONCLUSIONS

In this paper, we have characterized the daily synoptic
weather patterns associated with coastal compound
events along the European and U.S. coastlines of the
North Atlantic Ocean. First, we have identified com-
pound events based on a proxy of the potential flooding
impact defined by the water surface elevation at the
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estuarine mouths (linked to a catchment area larger than
1,000 km®> using the data provided by Eilander
et al., 2020), driven by both extreme skew surge and river
discharge. Second, weather patterns were obtained from
a classification of sea level pressure fields and precipita-
tion fields using k-means algorithm. The study area has
been divided into two subdomains: (a) European and
(b) U.S. coastlines due to climate differences regarding
storm tracks of the extratropical cyclones and spatial pat-
terns of precipitation. Moreover, only the extratropical
season has been analysed here for the U.S. subdomain,
because tropical cyclones are not well reproduced in
ERA-Interim.

We have found that coastal compound events
occurred more frequently along European as opposed to
U.S. coastlines. Regarding the total number of compound
events, areas with the highest occurrence of these events
are concentrated in the northwest coast of the Iberian
Peninsula, around Strait of Gibraltar and west coast of
United Kingdom. In the case of U.S. locations, the areas
with highest number of compound events are located
mainly in the Gulf of Mexico and along the mid-eastern
U.S. coastlines.

The weather-typing approach we have applied has
allowed us to identify that the occurrence of compound
events in each location is associated with few dominant
weather patterns usually characterized by low-pressure
systems accompanied with a spatial distribution of the
precipitation concentrated over the surrounded area of
the site. This is the reason why the occurrence of com-
pound events along the European coastlines are concen-
trated in the main pathways of the cyclone storms that
cross the North Atlantic Ocean conditioning the spatial
distribution to the locations of the low-pressure systems.
In the case of U.S. coastlines, locations along the Gulf of
Mexico and south-middle eastern U.S. coastlines share
the same weather types associated to compound events
which represent storms that travel northward parallel to
the coastline.

The approach we propose in this study allows to
indirectly estimate probabilistic historical or future
changes of the occurrence of coastal compound events
based on the probability of WTs during those time
periods. Besides, this analysis provides support to
flood forecasting. Predicting if flooding impact is like-
lihood to be caused by a compound event can assist to
prepare a better co-ordinated emergency plan which
would increase the evacuation effectiveness and
impact mitigation. Splitting the occurrence of com-
pound events in the corresponding WTs discriminates
the interannual variability based on the relationship
with dominant climate indices in the North Atlantic
Ocean.
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