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Abstract. The interaction between storm surges and inland runoff has been gaining increasing attention recently, as they
have the potential to result in compound floods. In Europe, several flood events of this type have been recorded in the past
century in Belgium, France, Ireland, Italy and United Kingdom. Here, we investigate the probability of joint occurrence of
storm surges, precipitation, river discharges and waves. A coincidence of those factors have a potential to cause compound
floods. We use several datasets covering most of Europe, including observations and data from the European Flood Awareness
System (EFAS), ERA-Interim climate reanalysis and a regional climate model within the CORDEX framework, and carry out
a statistical analysis based on copulas to assess the likelihood of joint occurrence. Further, we synthesize the joint probability
of occurrence of extreme compound events, and their intensity, in the form of a composite index, thus identifying areas where
compound floods could be of most concern. The results show considerable regional differences in dependency structure and
the resulting joint probability of extreme surge, precipitation and river discharge events. In southern Europe the probability of
joint occurrence of storm surge and precipitation is relatively high due to significant flash flood hazard. In northern Europe,
along the main corridor of winter storms, dependency between surges and river discharges is higher than elsewhere, with large
differences between west-facing and east-facing coasts. The occurrence of compound floods in most of the Nordic countries
and along the Black Sea is very unlikely. The results allow the identification of areas at risk from compound flooding. Future
studies that utilize statistical and physical methods are recommended to assess interactions between surges and inland runoff

at a local scale.

1 Introduction

Compound floods occur when high discharge in the rivers coincide with a storm surge, resulting in water levels higher than
if they would have happened separately, consequently resulting in a flood. However, this compounding effect needs to be
studied locally due to its limited geographical extent and the physical interactions involved. It is therefore necessary to firstly
quantify the joint probability of co-occurrence of storm surges (including waves) and flood-inducing inland phenomena (high
river discharges and extreme precipitation). In this study, we analyse the dependency between these hydrometeorological

phenomena to identify areas with the highest potential for compound flood occurrence. Consequently, for the purposes of this
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analysis, we will define a compound flood as any occurrence of both extreme sea levels and high river discharges or extreme
precipitation at the same time and location.

Presently, growing consideration is given to possible co-occurrence of hazards previously considered independently (Leonard
et al., 2014). This attention is drawn primarily by damages caused by both coincidence of surge and excessive rainfall during
tropical cyclones in the United States, including the $150-billion deluge in Houston during hurricane Harvey in August 2017
(van Oldenborgh et al., 2017). Yet, climate of Europe differs substantially from American coasts, which are often affected by
tropical storms. Even in the US, along coasts outside the paths of hurricanes there is very little dependency between coastal
water levels and heavy precipitation (Wahl et al., 2015), while correlation between river flows and surges is spatially diverse
(Moftakhari et al., 2017). European coasts are affected by extra-tropical cyclones, with diverse mechanisms of fluvial and
pluvial floods. Climate change is expected to increase the level of hazard in many parts of the continent through increased sea
levels (Vousdoukas et al., 2016), river discharges (Alfieri et al., 2015) and extreme precipitation (Lehtonen et al., 2014). At
the same time, several large European cities located in river estuaries are prone to coastal floods, such as Antwerp, Hamburg,
London and Rotterdam.

Historical information on past damaging floods in Europe reveal that compound events have occurred in many locations.
According to HANZE database (Paprotny et al., 2018a), out of 1564 floods that occurred in 37 European countries between
1870 and 2016, 23 (1.5%) were compound floods, recorded in six countries. The highest number of compound events, nine,
were observed along the northernmost coast of the Adriatic Sea — Italian regions of Veneto and Friuli-Venezia Giulia (1927,
1951, 1952, 1953, 1957, 1966, 1986, 2008, 2012). In those situations, the events’ river and coastal components merely occurred
at the same time, generally without directly exacerbating total water levels. For instance, the November 1966 coastal flood in
Venice (phenomena locally known as acqua alta), during which the highest water level ever recorded there was reached (194
cm), happened at the same time as a disastrous flash flood 250 km south-west, in Florence (Tuscany), and high water in the
Po river basin (137 km? inundated). Altogether, Adriatic Sea surges and coinciding high flows in the Po river resulted in
approximately 25 fatalities altogether and several thousand people affected.

Another “hotspot” for compound events is the Mediterranean coast of France. Five damaging compound floods could be
identified (1872, 1997, 2005, 2006, 2013). In 1872 the surge coincided with eight days of rain, resulting in 18 fatalities. The
December 1997 event affected the vicinity of the Rhone river estuary, which was swelled by 669 mm of rainfall in four days
and a storm surge. The other three were flash floods caused by more than 200 mm of rain in 24 h at the time of very strong
winds and high sea levels, each causing one fatality and many losses in several locations in the southern coast (and Corsica in
2013). The Western coast of France witnessed compound floods as well, for example along the Charente river in 1962 (1600
persons affected) and several rivers in the Brittany region in 2000 (600 persons affected). In both cases, a storm surge appeared
during a particularly wet period, causing river flows to be elevated for a long period of time.

Remaining compound events across Europe are similar to those occurring in the western coasts of France. Surges and long
periods of rainfall elevating river water levels caused compound events in Ireland in 2004 (200 persons affected) and 2009
(6800 affected), in England along The Humber in 1954 (4000) and the Bristol Channel in 1999 (1200), as well as on the river
Scheldt in Belgium in 1928 (10,000). On the contrary, the causes of the 1928 Thames flood which resulted in 14 deaths in
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London and affected 4000 people, were unusual as high river discharge was a consequence of snowmelt, and the relatively
moderate storm surge was exacerbated by a high tide. In the Baltic Sea, the only known instance of compound events was
the storm surge along the Polish coast in 2009. There, the storm surge was not extreme, but unusually strong northerly winds
pushed seawater upstream of the Odra and Vistula rivers at the time of increased runoff from rainfall. This caused inundation
along Odra as far as the city of Szczecin, 70 km upstream.

Compound flood hazard in Europe was studied before, but in a variety of case studies using a wide array of methods and
variables, covering Italy (Bevacqua et al., 2017), the Netherlands (Kew et al., 2013) and United Kingdom (Svensson and Jones,
2002, 2004). There is, therefore, a clear need for pan-European assessment of compound flood potential that includes both
extreme rainfall events and high river discharges.

In this study, we utilize a large number of observational datasets and climate reanalyses to investigate dependency between
hydrometeorological phenomena which contribute to compound floods along European coasts. Dependency was analysed using
copula theory. The goals of this study, all undertaken for the first time on European scale, are (1) establish dependency patterns
in observational data between storm surge heights, river discharges, precipitation and wave heights, (2) evaluate the ability of
climatic and hydrological models to recreate the dependencies found in observations, (3) synthesize the information on joint
probability and intensity of compound flood-inducing phenomena into an indicator of areas, where compound flooding is most

likely to occur and more detailed, local analysis of flood hazard should be carried out.

2 Materials and methods

The study was carried out in three phases — each introduced in this chapter. Firstly, pan-European datasets on storm surge
heights, precipitations amounts, river discharges and significant wave heights were collected. Then, pairs of variables for the
same, or nearest available, location were analysed through copulas to obtain correlations and dependency structures. Both
observational and modelled datasets are used, with modelled data validated based on observations. Finally, areas with the

highest and lowest potential for compound flood occurrence are identified using two composite indices.
2.1 Domain and data

Datasets collected for this study are summarized in Table 1. Fundamental for the analysis were direct measurements (observa-
tions). Hourly records of sea levels were taken from 156 gauges, the same as used in Paprotny et al. (2016). The tidal component
was removed from the data using a skew surge approach, i.e. the difference between the predicted astronomical high tide and
nearest observed high water (Batstone et al., 2013). For detailed sources of the sea level data and information on how the data
were processed we refer to Paprotny et al. (2016). Records of daily river discharges were collected from 1791 gauges and are
the same as in Paprotny and Morales-Népoles (2017). Finally, daily precipitation was drawn from two sources, both being grid-
ded interpolations of measurements taken at weather stations: E-OBS with a 0.25° resolution, i.e. with of cells approximately
200—600 km? over Europe (Haylock et al., 2008), and EFAS-Meteo with a 5 km resolution Ntegeka et al. (2013). Wave heights
from 48 buoys were taken from Vousdoukas et al. (2017).
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For a full pan-European analysis, data from several models were collected. Daily river discharges in a gridded, 5-km network
were obtained from the European Flood Awareness System (EFAS), which utilizes the Lisflood hydrological model driven
by meteorological data from EFAS-Meteo (Alfieri et al., 2016). Sub-daily storm surge heights were simulated by Paprotny
et al. (2016) using Delft3D (Deltares, 2014) with a 0.11° regular rotated-pole grid (approx. 12.5 km) driven by wind and
air pressure data from ERA-Interim climate reanalysis (Dee et al., 2011). Sub-daily significant wave heights were obtained
from WaveWatch III simulations (Tolman, 2002) driven by ERA-Interim and carried out by Mentaschi et al. (2017), with
results presented per 25 km coastal segments. Precipitation was taken directly from ERA-Interim, which has a 0.75° resolution
(approx. 2000-6000 km? cells).

Lastly, data were collected from simulations utilizing hindcasts from regional climate models within the EURO-CORDEX
framework (Jacob et al., 2014). To be comparable, the different variables would need to originate from the same climate model
run. Here, storm surge and river discharge simulations, made with Delft3D and EFAS, respectively, were only both available for
the RCA4 regional model (Strandberg et al., 2015) coupled with the I[CHEC-EC-EARTH general circulation model, realization
r12ilpl. Details of those simulations can be found in Paprotny et al. (2016) and Alfieri et al. (2015). Precipitation was obtained
directly from the RCA4 historical run at 0.11° resolution (1970-2005).

The study area is the same as in Paprotny et al. (2016), which is comprised of all European coasts with the exception of
outlying islands (the Azores, Madeira, the Canary Islands and Norwegian Arctic dependencies) as well as majority of Russian
and Ukrainian coastline. Grid cells of the Delft3D model were connected with the geographically nearest grid cell of the other
datasets. A different method was only used for linking river gauges and EFAS grid cells. For each river gauge, an EFAS grid
cell with the smallest difference in catchment area within 10 km radius was considered corresponding to the river gauge in

question.
2.2 Statistical analysis of dependencies between variables

The dependency between the different variables is analysed here using copulas, which are an important tool for studying depen-
dency between hydrological and meteorological phenomena, such as relationship between flood volume and peak discharge
(Salvadori and Michele, 2007), precipitation at two different locations (Schoélzel and Friederichs, 2008) and precipitation
amount and duration (Morales-Népoles et al., 2017). A copula is, loosely, a joint distribution on the unit hypercube with uni-
form [0, 1] margins. Copulas are very useful models of dependence. In fact, every continuous joint distribution can be uniquely
represented by a copula. In the bivariate case, random variables X and Y are converted into uniform [0, 1] variates through
their margins. The transformed variates, usually denoted as u and v, are then fitted to one of many copula models. Various
copula models are described in detail by Joe (2014). Here, we test seven different copulas in order to find one that fits best the
data of interest. A summary of the copulas used in this research and their cumulative density functions are presented in Table
2.
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Some of the copulas studied model an important aspect of joint distributions known as tail dependence. The upper tail

dependence coefficient Ay for two random variables X and Y is:
Ay = lim P(X > FSr )Y > Fyt(u) = lim P(U > ulV > u) (1)
u— U—

Roughly, a value of Ay > 0 indicates that it is likely (more than normal) to observe values of U greater than w given that V'
is greater than u for w arbitrarily close to 1. Lower tail dependence (or in general dependence in other quadrants) would be
defined similarly as eq. 1, but then for the lower quadrant of the joint distribution. The Gaussian, Frank and Plackett copulas
present no tail dependence, while Clayton presents lower tail dependence Ay, = 2~ and the Gumbel copula presents upper
tail dependence Ay =2 — 25.] oe-Clayton (BB7) and ¢ copulas have both upper and lower tail dependence. The investigation
of these copulas covers a range of dependence structures that are usually observed in data.

As a diagnostic tool to choose the copula that best represents the dependency structure, we utilize one of the test statistics in
the “Blanket Test” class discussed by Genest et al. (2009), which is the Cramer—von Mises statistic (M). The test statistic of

interest for a sample of length n is computed as follows:

M, (u)=n (C; (u)—B(u)*ue0,1)? @)
Jul
where B(u) = 2 3" | 1(U; < u) is the empirical copula and Cy, (w) is a parametric copula with parameter 0,, estimated from
the sample. Notice that the statistic is the sum of squared differences between the empirical copula and the parametric estimate.
If the correlation is negative, we compute the M statistic for Gumbel and Clayton with the rotated copula. A copula that had
the lowest M statistics for a given pair of variables for a given location was considered the “best-fitting” copula and used
for subsequent analyses. However, if the correlation was very weak, i.e. in the interval [-0.1,0.1], the copula type was not
calculated, except for the purpose of calculating a synthetic index of compound flood potential in section 3.4. Furthermore, full
marginal distributions of all variables were used to compute correlation coefficients and best-fitting copula types, rather than
only the most extreme values of the distribution above a given percentile. The rationale for this important assumption is related

to an analysis of the resulting dependencies and discussed in section 4.3.
2.3 Composite indices of compound flood potential

The various dependency structures found in the many data series of storm surge heights, precipitation amounts and river
discharges are presented in the results section. Those translate into return periods of compound events, which also involve a
variety of intensities along the joint distributions’ margins. In order to synthesize this information to identify areas with highest
potential for a hazardous compound event, we constructed two composite indices. The first is intended to represent the potential
of joint occurrence of a storm surge and a flash flood, using three subindices: extreme precipitation amount, storm surge height
and joint return period. The other is for the joint occurrence of a storm surge and a river flood and combines three subindices:
extreme river discharge, storm surge height and joint return period. Thus, by combining two boundary conditions and joint

probability, the indices distinguish areas favourable for compound flood occurrence.
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The indices are an average of a set of subindices 5; . for each data point c along the coast:

5y = e 1) @)
" max(V;) — min(V;)

where v; is a variable used to construct the subindex, with i = 1,2,3,4,5, and V; = {v; 1,V ,2,...,Vi,n } is a set of all observa-

tions of v;. Each variable v; is a decimal logarithm of the following indicators:

v1 is the joint return period (in years) of a 10-year precipitation event occurring on the same day as a 10-year storm

surge. This is calculated using the best fitting copula.
— wq is the daily precipitation amount (in mm) with a return period of 10 years.
— wg is the storm surge height (daily average in m) with a return period of 10 years.

— vy is the return period (in years) of a 10-year extreme high river discharge occurring on the same day as a 10-year storm

surge. This is calculated using the best fitting copula.

v is the river discharge (daily average in m® s~!) with a return period of 10 years.

In order words, each indicator was transformed into decimal logarithm and standardized in the interval [0, 1]. The subindices
were aggregated by a simple average into a composite index for a storm surge-flash flood combination I, and storm surge-river

flood combination I;:

1-51)+5+S
MLELIES L “

(1—S84)+S2+S55
3

The composite index can have values in the interval [0,1]. I, was computed for all coastal segments in Europe, while I,

= 5)

only for estuaries of rivers with a catchment area of at least 500 km?2. The indices were calculated from 1990-2013 data.
Precipitation amounts for the index were taken from EFAS-Meteo, river discharges from EFAS/EFAS-Meteo and storm surge

heights from Delft3D/ERA-Interim.

3 Results

In this paper, only results calculated using a daily temporal resolution for all datasets are presented. This is for the sake of
clarity and brevity, as the dependency structures in daily and 6-hourly data were found to be very similar. Supplementary Fig.
1 compares Spearman’s rank correlation coefficients computed from daily and 6-hourly series for a few example pairings of
variables and datasets. When correlations calculated from different data sources are compared throughout the paper, only data
from overlapping time periods are used for the analysis, e.g. observations from 1990-2013 are used when comparing with
results from EFAS, rather than full series starting in 1950. There were very few overlapping time series for observed surges

and waves in our dataset, hence those results are excluded.
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3.1 Dependency structures in observational data

Dependency between storm surge heights and precipitation amounts is presented in Fig. 1. Strongest dependency (rank corre-
lation 0.3 and more) is observed in the west-facing coasts, such as western Great Britain, the Netherlands, western Sweden and
Norway, and western Iberia. Along the coasts on the opposite side (eastern Great Britain, Sweden or Spain) the correlation is
much weaker, mostly below 0.2. A notable exception is the eastern coasts of the Apennine Peninsula, where the correlation is
stronger than in other parts of the Mediterranean Sea. Indeed, the highest correlation in that basin was calculated for Venice
tide gauge, where, as noted in the introduction, compound events are particularly frequent. Further, there is a sharp divide in
dependency structure between northern and southern Europe. In total, out of 120 gauges for which a copula type was calcu-
lated for the period 1970-2014, Frank copula was the best-fitting type for 56% and Gumbel for 40% (some gauges did not
have comparable E-OBS precipitation grid points nearby or the rank correlation was too low). However, gauges in northern
Europe show almost exclusively Frank copula dependency, while those in the south — Gumbel copula dependency. Other types
of copulas appear only in a few gauges, exclusively in the south.

Dependency structures observed between storm surges and river discharges are more complex (Fig. 2). Similarly to precip-
itation, high correlations are observed in west-exposed coasts. Yet, higher correlation is also very noticeable along the main
storm corridor in Europe, which goes from Ireland and Great Britain through the Netherlands, northern Germany, Denmark,
southern Sweden, and ending in the eastern Baltic Sea coasts. In Scandinavia, the correlation visibly weakens moving north,
while in Great Britain it lowers moving east. Naturally, moving from the coast to the interior of the continent the dependency
also weakens, to the point that in central France or north-eastern Spain, where discharges are compared with Mediterranean
tide gauges, the correlation mostly turns negative. Stark spatial patterns are also visible for best-fitting copula types. Along the
aforementioned storm path the Gumbel copula dominates, and is also most frequent among all river gauges for which data is
available (56%). In Scandinavia, except southern Sweden, Frank copula is most common, and best-fitting for 20% of all gauges
in Europe. Clayton copula (12%) occurs in stations in Spain and France, usually for those with negative correlation, but also
in some locations in Scandinavia. Remaining copula types (12%) are spread without clear pattern across Europe, but appear
more often in France and Spain, in gauges located further away from the coast. Examples of two most common dependency

types in this analysis, Gumbel and Frank, are shown in Fig. 3.
3.2 Validation of modelled data

Analysis of model’s performance was first carried out by validating the marginal distributions of variables obtained through
ERA-Interim and EFAS-Meteo. They were compared with observed daily time series of precipitation, surges and river dis-
charges. EURO-CORDEX data are a hindcast, hence those time series are not directly comparable with observations. The
performance of models (or alternative observational data from EFAS-Meteo) for different variables is similar. Average rank
correlation for storm surge heights from tide gauges compared with data calculated from Delft3D/ERA-Interim is 0.64 (1979—
2014). Overall, surges in northern Europe were modelled more accurately than those in the Mediterranean. For river discharges

in EFAS, the average correlation with river gauge observations is 0.68 (1990-2013). For precipitation (evaluated at tide gauge
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locations), the correlation between E-OBS and EFAS-Meteo is 0.65 (1990-2013), and between E-OBS and ERA-Interim is
0.56 (1979-2014). In case of precipitation, the result is affected by large differences in grid sizes (ERA-Interim is much
coarser, and EFAS-Meteo much finer than E-OBS) and noticeable inaccuracies of interpolated data sets in coastal areas. Fi-
nally, the average rank correlation of observed and modelled discharges is 0.65. Results for individual stations are presented in
Supplementary Fig. 2—4.

Three combinations of models were used to compute dependency between storm surges and precipitation, and were com-
pared with rank correlations obtained from observations (Fig. 4). Performance of all three model combinations is similar and
relatively good, with R? in the range of 0.6-0.67. Also, in all three configurations the correlation between modelled surge and
precipitation is overestimated on average compared to the observations. EURO-CORDEX data indicate the best performance,
but with some visible bias, in contrast to the other two model combinations. Spatially, the differences between modelled and
“observed” rank correlations are distributed very unevenly. The largest overestimation of correlation is noticeable in southern
Great Britain, the Netherlands and western Iberia, with much better performance for northern Great Britain, Scandinavia and
eastern coast of Italy (Supplementary Fig. 5). However, the dependency structure is largely preserved, with the best-fitting
copula types being very consistent between modelled and observed data. Stations in the Mediterranean Sea with insufficient
data in Fig. 1 were indicated by models as belonging to Gumbel copula type, which is consistent with other stations in southern
Europe. As a result, the share of Gumbel and Frank copulas indicated as best-fitting type is estimated at 46-49% and 47-53%,
respectively.

Models’ performance in recreating the dependency between storm surges and river discharges is not as good as for pre-
cipitation. Combination of surge heights from Delft3D/ERA-Interim and discharges from EFAS is very badly correlated with
dependencies found in observations (Fig. 5), with R? equalling only 0.1. On the other hand, surges and discharges forced
by CORDEX hindcast perform much better, with R? equal to 0.36. This is because there is a lack of sea level observations
for 1970-2005 along the Mediterranean coasts of France and Spain. Models have shown particularly poor performance for
river gauges in proximity to the Mediterranean Sea (Supplementary Fig. 6). Without those stations, the R? between ERA-
Interim/EFAS data and observations would be 0.39. Otherwise, there is no clear pattern in the distribution of errors, though
in areas most frequently affected by winter storms (corridor from Ireland to southern Sweden) the models’ performance is
somewhat better. The rank correlation for stations in Scandinavia is lower for models than for observations, while in France
and Spain it is, in most cases, substantially larger. It should be noted that the errors originate rather in the storm surge model
than in the river model, as the rank correlations from tide gauge-EFAS combination compared with rank correlations from
observations give an R? of 0.44, while for Delft3D-river gauge combination the R2 is 0.17. It can be due to the fact that a large
number of river stations, mostly in France and Spain, are paired with tide gauges where storm surge series are modelled much
less accurately than in the North or Baltic Seas. Exclusion of those stations (ca. 20% of total) increases R? for Delft3D-river
gauge combination from 0.17 to 0.60.

At coastal gauge locations, model performance is also unsatisfactory in relation to river discharges. Only a limited number
of stations had comparable data (78 or 43), but the relatively poor R? (0.15-0.28) and substantial bias is noticeable (Fig. 6). In
the first comparison, tide gauge series are replaced by reanalysis using Delft3D and ERA-Interim, with EFAS discharges used
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for both dependency calculations. CORDEX-generated data series mostly underestimate it. Also, the majority of modelled
dependencies show Frank copula-type dependency, in contrast to Gumbel being most frequent in the ‘observations’. Out of the
stations available, gauges in Great Britain indicate the largest error, and those in Scandinavia relatively smaller (Supplementary
Fig. 7).

3.3 Dependency structures in modelled data

Using modelled storm surges, precipitation, discharges and waves provides full coverage of European coasts, not attainable
with scattered observations. Fig. 7 presents rank correlations and best-fitting copula types calculated using storm surge heights
from Delft3D/ERA-Interim and precipitation from EFAS-Meteo. In general, correlations from observations (Fig. 1) blends
well with model outputs, so that the geographical distribution of rank correlations between daily surge and precipitation is very
similar to the observations. Highest correlations observed in west-exposed coasts and Italy, the lowest in eastern Great Britain,
Iceland and south-west Baltic Sea. The distribution of best-fitting copula types is also similar, with Frank copula dominating in
northern Europe (and 56% of all coastline) and Gumbel dominating in the south (38%). Using ERA-Interim reanalysis instead
of EFAS for precipitation gives very similar results both in terms correlation and best-fitting copula types. Hindcast data from
EURO-CORDEX are slightly less aligned, with some overestimation in northern Europe and eastern Mediterranean relative
to the reanalysis (Supplementary Fig. 8). Nonetheless, there is an overall good match between the hindcast and the reanalysis
with EFAS-Meteo, with R? = 0.75 (Supplementary Fig. 8).

Dependency between storm surge heights and river discharges from Delft3D/ERA-Interim and EFAS/EFAS-Meteo, respec-
tively, is shown in Fig. 8 (rank correlations) and Fig. 9 (best-fitting copula types). The geographical distribution of correlations
for all coastal catchments is similar to those between storm surges and precipitation described in the previous paragraph, as the
vast majority of storm surge data points were connected with very small, one-grid cell catchments (25 km?). Still, the average
correlation in almost a third lower. Therefore, the second set of figures uses only EFAS grid cells (within 25 km distance) that
have at least 500 km? catchment area. This largely weakens the correlations with storm surges, hence no distinct patterns could
be observed, though still more correlation is visible in western Spain and Portugal, along the Irish Sea and central Italy. In the
vast majority of data points (84-87% of coastline) the Gumbel copula is indicated as the most optimal to model dependency
between surge and river discharge. However, using data from EURO-CORDEX, the pattern of best-fitting copula types is closer
to that found in observations, with Gumbel being most optimal for 55-66% of coastline. EURO-CORDEX data show higher
rank correlations than the reanalysis in general (Supplementary Fig. 9), but both model configurations are relatively aligned,
with R? of 0.65-0.67 (Supplementary Fig. 10).

Finally, modelled significant wave heights were used to analyse correlations with storm surge heights. This combination of
events does not generate a compound flood, but nonetheless could be an important contributing factor. The resulting patterns
are similar to other combinations, with west-facing coasts having the highest dependency (Fig. 10). However, Icelandic and
Italian coasts also stand out with high correlation. In relatively sheltered locations, such as the western Baltic Sea, Aegean Sea

and Alboran Sea (westernmost part of the Mediterranean) the correlation is the lowest and mostly negative. Gumbel copula
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is the best-fitting dependency structure for the vast majority of the coastline (84%). Frank copula (10%) can be found only in

some east-facing coasts and in the far north of Europe.
3.4 Compound flood potential index

The two variants of the compound flood potential index — for storm surges combined with either extreme precipitation (as a
proxy for flash floods) or high river discharges (as a proxy for river floods) — are presented in Fig. 11. Higher values of the
index should be interpreted as an indication that local hydrometeorological conditions are more favourable for occurrence of
compound flood events than in other locations. The individual components, i.e. return periods of joint occurrence and intensity
of marginal events, are shown in Supplementary Fig. 13 and 14, respectively. Storm surges are the highest along the North
Sea and Baltic Sea coast, and lowest in the Mediterranean region, while for extreme precipitation essentially the reverse is
true — smallest precipitation amounts with a 10-year return period are recorded in northern Europe, and the highest in southern
France, eastern Spain, Italy and Greece. River discharges are, very roughly, proportional to catchment size.

Return period of joint occurrence of a 10-year storm surge and 10-year extreme precipitation event differs substantially
between southern Europe, where it is below 500 years (often less than 100 years), and northern parts of the continent, where
it is above 1000 years. This is a result of different copula types indicated as best-fitting in the two regions (see section 3.3),
with upper tail dependence in the data series from the Mediterranean region being the reason for relatively high probability of
occurrence of compound flood events. The return periods of co-occurrence of surges and high water in rivers is more evenly
spread, and are mostly less than 500 years along the majority of southern and western Europe’s coasts. Only in the far north of
the continent (Iceland, Norway, northern Baltic Sea) and along the Black Sea it is much higher, above 1000 years.

Combining the subindices together brings a complex picture (Fig. 11). Flash flood-storm surge co-occurrence is indicated
as having most potential to cause a compound flood in north-western Spain and Portugal, southern France, north-west and
southern Italy, Adriatic Sea coasts and Greece, and the lowest potential along the Finnish, Swedish and Icelandic coasts. It is
also relatively higher along the southern and eastern shores of the North Sea. In case of rivers with catchment area of at least 500
km?, the potential for compound events is the highest along the corridor from Ireland through Great Britain, the Netherlands,
north-west Germany, southern Sweden to Lithuania and Latvia. Western and southern coasts of France, north-western Portugal
and Spain, and some of the rivers in the Balkans also have elevated potential for compound floods; much less so for southern

parts of the Mediterranean region, and far north of Europe.
4 Discussion

4.1 Composite index and past records of floods

Compound floods are rare and diverse events, therefore it is difficult to synthesize at European scale. In the composite index, we
use events with a 10-year return period, which are not particularly extreme by themselves. Yet, even with such a low threshold,

actual co-occurrence of compound flood-inducing phenomena is exceedingly rare. Using Delft3D/ERA-Interim reanalysis of
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storm surge and EFAS river discharges, merely three compound events could be identified for years 1990-2013 using the
aforementioned threshold. Combining surge reanalysis with ERA-Interim precipitation gives only six events with at least 10-
year return period on both margins for years 1979-2014, and a further two with EFAS-Meteo precipitation (1990-2013). Out
of those 11 events, seven are known to have caused damages (see Table 3). Most damaging was the 1986 Venetian acqua
alta, with five fatalities. Most of the compound events found in the reanalysis were located in the south of Europe, where
flash floods are most common and damaging (Paprotny et al., 2018b). North-western Spain and Portugal, where both variants
of the index have high values, is featured three times, and in each case there known direct losses from flood. South-western
Spain (by the Gulf of Céadiz) occurs in Table 3 twice, both with recorded losses; this region has also relatively high values of
both composite indices. Three events were indicated in Greece, though no information on losses were identified. Remaining
compound events were found in areas with rather low values of the composite index of flash flood-storm surge co-occurrence:
Iceland and north-western France.

In a further investigation into the utility of the composite index, a list of river estuaries with the highest value of the index was
compiled together with past records of damaging floods (Table 4). The rivers are of variety of sizes, but all were affected by both
coastal and river floods in the vicinity of their estuaries. Two (Scheldt and Ouse) have known past compound events, and flash
floods were records around some of the estuaries. Further, reanalysis data has shown that some of the river floods co-occurred
with minor storm surges (return period below 10 years). Hence, all 12 estuaries with the highest compound flood potential have
caused damages several times in the past and could likely be affected by a compound event. All are located in north-western
Europe, which can be connected with specific regional climate features. As it happens, the storm season (November—March) is
also the period when flows in rivers in France, UK, Benelux countries are elevated, which a characteristic of the oceanic river
regime type (Schneider et al., 2013). Snowmelt-related floods with long flood waves also occur in that period. It can be added
that due to high coastal flood hazard, two estuaries (Meuse and Rhine) can be closed by storm surge barriers, similarly to the
Thames (not featured among top 12), where a compound flood occurred in 1928, while others might be not as well protected
(Scussolini et al., 2016). On the other hand, closure of a barrier during high water in the river might not prevent a flood (Kew

et al., 2013; Zhong et al., 2012).
4.2 Time lags in joint occurrence

The analysis presented here only included co-occurrence of surge, precipitation or discharges at the same time, while there
might be a no less hazardous situation when events occur one immediately after the other. For instance, in area affected by a
flash flood, and therefore with reduced resilience, a storm surge might have more serious consequences than during a standalone
occurrence. To investigate this aspect, the correlations between the different variables were recalculated, with a lag inserted into
one of the series in every pair. Values of the lag, in days, that provided the highest correlation at a given location, are shown in
Fig. 12, with additional 6-hourly analysis presented in Supplementary Fig. 15. In case of daily precipitation, the series without
any lag gave the highest correlation with storm surge heights in 50% of locations. In 39% of data points along the coast,
precipitation from the day before a surge had the highest correlation. However, using 6-hourly series from ERA-Interim, the

largest dependency was obtained with no lag in 81% of cases, and with a 6-hour lag in 14% of cases. Synchronization of surges
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and precipitation is, therefore, very high, except for some regions, like the southern coasts of North Sea and Baltic Sea, where
the arrival of high sea levels from the ocean is delayed by the coasts of Great Britain and Denmark.

The situation is different for discharges in rivers with catchment area of at least 500 km?, as no lag results in the highest
correlation only in 6% of estuaries. A lag of +1 day is observed in 44% of rivers, +2 days in 25% and +3 days or more in 15%.
The highest lags are observed in north-western Europe, including France and the United Kingdom. Only in the far north of
Europe (Iceland and northern Scandinavia) a negative lag gives the largest correlations. Similarly, lags for 6-hourly significant
wave heights are mostly positive: in 50% of cases, waves occurring 6 hours or more after the surges are most highly correlated.
The lag is slightly higher at coasts exposed directly to the Atlantic Ocean, though the highest values were obtained for Greece.
Negative lags are confined to the Baltic Sea, where the storm surges are delayed by the time needed by the basin to fill up

through the Danish Straits during windstorms.
4.3 Uncertainties and limitations

For the dependency analysis, the full marginal distributions of storm surge heights, precipitation, river discharges or wave
heights were used. This is different approach than taken in some other studies. For instance, Wahl et al. (2015) only utilized
annual maxima of surge heights or precipitation and corresponding values of the other variable within £1 day range. However,
there are several reasons for opting for another approach. On the theoretical level, using only the upper tail of the marginal
distribution of one variable and the corresponding values on the other margin gives two separate results, themselves not in-
dependent of each other. Wahl et al. (2015) argued that they represent different mechanisms, namely moderate surges during
extreme precipitation events, and moderate precipitation events during extreme surges, as evidenced by different weather pat-
terns during those two variants of combined floods. However, such approach limits severely the number of data points, which
likely caused the large variety of dependency structures observed in the aforementioned study’s results.

Here, we made a comparison of the same analyses based on both the full dataset and only the upper 95™ of one of the margins.
In case of precipitation, 96% of storm surge-precipitation pairs at tide gauges indicated Frank or Gumbel copula as best-fitting,
split neatly between northern and southern Europe (see Fig. 1 and Fig. 6), but when the upper 95% of the distribution was used,
this value went down to only 60-67%, scattered without a clear pattern around the continent (see Supplementary Fig. 17). For
storm surge-river discharge pairs, the corresponding values are 76% and 59-66%. The contrast is even stronger for reanalysis
data (Delft3D/ERA-Interim storm surges, ERA-Interim or EFAS precipitation and EFAS river discharges from) which have
much less gaps in their time series compared to observations. At the same time, those modelled data represent the correlations
between two marginal distributions poorly when the upper 95" of the data series is used. In case of storm surge-precipitation
pairs, the R? between rank correlations from observations and modelled data is 0.61 for the whole marginal distributions and
0.18-0.27 for the upper 95" (see Supplementary Fig. 16). For storm surge-river discharge pairs, the corresponding values are
0.38 and 0.19-0.31, respectively (see Supplementary Fig. 18).

The lower performance of the upper tail in recreating dependency can be largely attributed to lower performance of models
regarding extreme events (Calafat et al., 2014). Indeed, rank correlations between modelled and observed 95th percentiles
of the margins are in the 0.34-0.36 range, except between E-OBS and EFAS-Meteo (0.50), in contrast to 0.56-0.68 for the
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full marginal distributions. Importantly, return periods are also mostly lower when using the upper 95" compared to the full
distribution. For instance, at the Schelde estuary in Belgium, the location of a large compound flood in 1928 as well as many
coastal and river floods, the return period of a joint event consisting of a 10-year storm surge and 10-year river discharge
occurring at the same day was estimated at 52 years using the full marginal distributions, but at 4,000 and 25,000 years using
the upper 95" of one of the variables (with Delft3D/ERA-Interim and EFAS). If surge and discharge would be completely
independent, the return period of such a compound event would be approximately 36,500 years. In general, the variation of
return period between neighbouring coastal segments is higher when using the upper 95" rather than the full margins.

In the presented analysis, there are two principal source of uncertainty. First is the data availability: the length of most
series is only just enough for a univariate extreme value analysis (>30 years), and some observational data series are even
shorter (including EFAS covering only 24 years). The relative rarity of compound floods, as evidenced in the introduction and
section 4.3, leads to reduced confidence in the resulting correlations. This fact also forbids an analysis of long-term changes to
compound flood probability of occurrence. The second source of uncertainty is the choice of copula. Here, seven among the
most popular copula types were used, but many more exist. Also, as a parametric model of dependency, it doesn’t perfectly
recreate the joint probability, and due to limited amount data the copula type might not be assigned correctly, leading to great
differences in return periods, e. g. between Frank and Gumbel copulas. However, the relative spatial homogeneity and rather
clear spatial patterns in distributions of copula types gives good confidence in the results. Upper tail dependence is most
frequently observed, which means that high sea levels and high precipitation or river discharges are usually more correlated
with each other than those variables at moderate or low intensity. This is particularly relevant in the Mediterranean region,
where precipitation is concentrated in a smaller number of days — mostly less than 80 days during average year — compared to

northern Europe, where it rains above 110 days on average (Klein Tank et al., 2002).
4.4 Future research outlook

Still, more work is needed in applying the joint distribution of flood-inducing events to flood hazard mapping. One important
local factor omitted completely from the analysis are tides. A high tide can contribute significantly to a compound event (like
in London in 1928), but tides are, barring for nonlinear effects on local sea level (Sterl et al., 2009; Rego and Li, 2010),
an independent component. Additionally, they need to be analysed with a good temporal resolution, in contrast to 6- and
24-hourly data utilized here. After a pan-European analysis have been performed, local case studies should be carried out.
Hydrodynamic modelling in good resolution would be required to assess the influence of joint occurrence of high water levels
in both river and coastal side of an estuary (Couasnon, 2017). Such a model would have to take into account time-varying
sea level (including tidal component), river discharge and wave heights. Detailed topography and bathymetry of the estuary
would also be necessary. By modelling the dependency between hydrological events with copulas, the joint distribution could
be sampled to provide a range of possible set-ups of simulations. That requires observational data from gauges located at the
coast and in the river above the zone of influence of tides and surges on river water levels. An additional gauge on the river
should be located in the area where the increase of water level caused by a compound event could be found, so that the model’s

validation can be performed. Further, the model should be run iteratively based on samples of the joint distribution, so that the

13



10

15

20

25

Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-132 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 19 April 2018 Sciences
(© Author(s) 2018. CC BY 4.0 License.

Discussions

local probability of flooding could be obtained that incorporates compound flood possibility. Finally, the analyses should be

linked with historical events to fully to assess the circumstances that lead to compound flooding.

5 Conclusions

This paper analysed the joint occurrence of hydro-meteorological phenomena that have the potential to cause a compound
flood event. The analysis has identified areas with various patterns of dependency. Europe can be essentially divided in three
regions. Southern Europe, with Portugal, Spain, Italy and Greece where the probability of joint occurrence of storm surge and
precipitation is relatively high, and the intensity of the latter very large. Northern Europe, along the main corridor of winter
storms that spans from Ireland and United Kingdom through the Netherlands, Denmark, southern Sweden and across the Baltic
Sea. Here, dependency between surges and river discharges is higher than elsewhere, with large differences in flood potential
between west-facing and east-facing coasts. The correlation between surges and precipitation can be very high, but there is
also a lack of tail dependence, i.e. extreme events are not more likely to co-occur than more moderate events. This results in
relatively high return periods for compound events. Finally, the far north of Europe (Iceland, Norway, Finland and northern
Sweden) and Black Sea countries show very little potential for compound flood occurrence.

Performance of models in recreating observation dependencies is good in relation to precipitation, but much less so in case
of river discharges. Simulations driven by the RCA4 regional climate model had mostly similar performance compared with
the reanalysis, albeit the latter with a much coarser resolution. Therefore, there is potential for making relatively accurate
future predictions of the dependency between surges and precipitation. River discharge estimations, on the other hand, still
need improvements before such predictions can be confidently made.

The composite index of compound flood potential identified areas of most interest for further studying the topic. A few
European estuaries have experienced damaging compound floods in the past, and many more could be affected, especially in
view of the projected rise in extreme sea levels (Vousdoukas et al., 2017) and river flood hazard (Alfieri et al., 2018). Those

need to be analysed in detailed case studies with the use of hydrodynamic modelling.
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Figure 1. (a) rank correlation between observed daily storm surge and precipitation; (b) best-fitting copula type for dependency between

observed daily storm surge and precipitation.
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Figure 2. (a) rank correlation between observed daily storm surge and river discharge (river gauges compared with the closest tide gauge);

(b) best-fitting copula type for dependency between observed daily storm surge and river discharge (river gauges compared with the closest

tide gauge).
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Figure 3. Examples of highly correlated storm surges and precipitation (a) or river discharge (b). In the left example, station Millport in
Scotland shows Frank copula-type dependency, while in the other example, surges from Tredge, southern Norway, exhibit Gumbel copula-

type dependency with discharges at river station Haugland.
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Figure 4. Comparison of rank correlations between daily storm surges and precipitation. (a) Delft3D/ERA-Interim + EFAS-Meteo; (b)
Delft3D/ERA-Interim + ERA-Interim; (c) Delft3D/CORDEX + CORDEX.
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Figure 6. Comparison of rank correlations between modelled and ‘observed’ (tide gauges + EFAS/EFAS-Meteo) daily storm surge and river
discharge for closest river with catchment area of at least 500 km?2. (a) Delft3D/ERA-Interim + EFAS/EFAS-Meteo; (b) Delft3D/CORDEX
+ EFAS/CORDEX.
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Figure 7. (a) rank correlation between modelled daily storm surge (Delft3D/ERA-Interim) and precipitation (EFAS-Meteo); (b) best-fitting
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Figure 8. Rank correlation between modelled daily storm surge (Delft3D/ERA-Interim) and river discharge (EFAS/EFAS-Meteo), for (a) any
closest river and (b) for closest river with catchment area of at least 500 km?. For rank correlation between observed surge and EFAS/EFAS-

Meteo-modelled river discharges in outlined circles see Supplementary Fig. 11).
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Figure 9. Best-fitting copula type for dependency between modelled daily storm surge (Delft3D/ERA-Interim) and river discharge
(EFAS/EFAS-Meteo), for (a) any closest river and (b) for closest river with catchment area of at least 500 km?. For best-fitting copila
types for observed surge and EFAS/EFAS-Meteo-modelled river discharges see Supplementary Fig. 12.
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Figure 10. (a) rank correlation between modelled daily storm surge and significant wave height (Delft3D/ERA-Interim + WW3/ERA-
Interim). Rank correlation between observed surge and modelled wave height in outlined circles; (b) best-fitting copula type for dependency

between daily storm surge and significant wave height.
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Figure 11. Compound Flood Potential Index for (a) flash flood-storm surge co-occurrence and (b) river flood-storm surge co-occurrence,

for the 1990-2013 period. Note that the index for river floods was computed for rivers with catchment area of at least 500 km?, with the

locations being actual estuaries, rather than Delft3D grid cells as shown in previous figures.
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Figure 12. Lag between storm surge height (Delft3D/ERA-Interim) and (a) daily precipitation from EFAS-Meteo or (b) daily river discharge

from EFAS for catchments with an area of at least 500 km?, that has the highest correlation with storm surge height series.
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Table 1. Summary of data collected for the study, by variable, input climate forcing, temporal resolution and timespan. See text for details

and sources of datasets.

Climate forcing >

Variable v Observations EFAS-Meteo ERA-Interim EURO-CORDEX (RCA4)
River discharges daily 1950-2013 daily 1990-2013 - daily 1970-2005
Storm surges hourly 1970-2014 - 6-hourly 1979-2014 6-hourly 1970-2005
Precipitation daily 1950-2017 daily 1990-2013  3-hourly 1979-2016 6-hourly 1970-2005
Wave height subdaily 1989-2013 - 3-hourly 1980-2012 -
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Table 2. A summary of copulas used in the analysis. Based on Joe (2014).
Copula CDF for copula C' Tail dependence
Gaussian C(u,v;0) = ®,(d 1 (u), 2 (v)),p € [-1,1] No
Gumbel C(u,v;6) = exp(—(|~log(w))’ + [~ log(v)]*)/*),5 > 1 Upper
Clayton Clu,v;a)=(u"*+v7*=1)"% aec[-1,00) Lower
Frank C(u,v;0) = -0~ log( 1_679_(11:6;9:)(1_67% ),0 € (— No
L 1w f+2 [ v
t C(u,v; P; f) = fiﬂo( )fifoo( )r(fl\‘/((:f 2‘P‘(l—q-" £ =52 ox Upper and lower
Plackett Clu,v;9) = L (14 nlu+v) = [(1+nlu+v))? 419nuv]l) 9>0 No
Joe-Clayton (BB7)  C'(u,v;k, ﬁ)fl—(l—[(l—u Y1 -7 -1 )l" k>1,6>0 Upper and lower

Symbols: u, v € [0, 1], P is the bivariate Gaussian cumulative distribution with Pearson’s correlation coefficient p, n = 9 — 1, t;l denotes the quantile

function of a standard univariate ¢ ¢ distribution, f are the degrees of freedom, x is a random vector, and the remaining symbols are copula-specific parameters.

32



Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2018-132
Manuscript under review for journal Hydrol. Earth Syst. Sci.

Discussion started: 19 April 2018

(© Author(s) 2018. CC BY 4.0 License.

Table 3. Compound flood events, defined by occurrence on the same day of a storm surge with at least 10-year return period and ex-
treme precipitation or river discharge also with at least 10-year return period, identified in reanalysis data (Delft3D/ERA-Interim surge with

EFAS/EFAS-Meteo discharge, EFAS-Meteo precipitation or ERA-Interim precipitation). Historical records of losses from HANZE database

Hydrology and
Earth System
Sciences

Discussions

(Paprotny et al., 2018a), Meteo France (2017) and Direccién General de Proteccion Civil (2015).

No. Type Date Location Historical records of losses
1 Surge-river discharge  07-12-2000 Minho river, Portugal/Spain; Duero Flash flood in Spain recorded further
river (Portugal) upstream (ca. 600 persons affected)
2 Surge-river discharge  27-12-2002  Duero river, Portugal Flash floods recorded in several regions
(ca. 100 persons affected)
3 Surge-river discharge  24-12-2009  Guadalate river, Spain River floods in recorded further up-
stream (ca. 600 persons affected)
4 Surge-precipitation 22-01-1981  Central Greece region, Greece No records
5 Surge-precipitation 31-01-1986  Venezia province, Italy Large compound flood, 5 fatalities, 50-
70 mln euro damages in 2011 prices
6 Surge-precipitation 15-10-1987  Galicia region, Spain; Loire-Atlantique, Some houses damaged in Galicia (no
Vendee and Morbihan departments, quantitative data)
France
7 Surge-precipitation 22-12-2000  Andalusia, Spain Some houses damaged (no quantitative
data)
8 Surge-precipitation 25-01-2009  Thessaly and Western Macedonia re-  No records
gions, Greece
9 Surge-precipitation 06-01-2012  Eastern Macedonia region, Greece No records
10 Surge-precipitation 10-09-2012  Northern Iceland No records (very scarcely populated
area)
11 Surge-precipitation 24-12-2013  Charente-Maritime, Loire-Atlantique, ~Windstorm and floods recorded (no data

and Vendee departments, France

on losses)
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Table 4. Top 12 river estuaries in Europe ranked by compound flood potential. Return period is of a 10-year surge and 10-year river discharge

occurring on the same day. Past damaging floods from HANZE database (Paprotny et al., 2018a).

Catch- Return 10-year  10-year Past damaging floods in the region of

Rank River City/country
ment period storm dis- the estuary by type
area (years) surge charge Coastal River Com- Flash
(km?) (m) (m3s™h) pound
1 Weser Bremerhaven, 44,700 182 1.86 2128 1973, 1976 1909, 1956,
Germany 1998*
2 Scheldt  Antwerp, Bel- 19,400 52 1.57 1179 1906, 1953, 1928 1998
gium 1976
3 Meuse Dordrecht, 34,700 129 1.29 2823  1953%** 1926, 1993, 1998
Netherlands 1995
4 Elbe Hamburg, 138,300 2632 2.23 4356 1962, 1973, 1888, 2002,
Germany 1976 2016
5 Rhine Rotterdam, 164,100 1639 1.28 11,082 1953%* 1926, 1993, 1998
Netherlands 1995
6 Garonne  Bordeaux, 80,800 217 0.78 5248 2010 1930, 1981
France
7 Eden Carlisle, UK 2300 71 1.35 635 1977 2005%, 1953,
2012, 2015 2009%*
8 Loire Saint- 116,200 382 0.81 4679 1924,1937 1910, 1995,
Nazaire, 2001
France
9 Lune Lancaster, 900 63 1.33 303 1927,1977 1903, 2012, 2009%*
UK 2015
10 Ouse Hull, UK 10,600 109 0.81 1215 1921,1953, 1947,1982, 1954 1910
1976, 1978, 1999, 2007,
2013 2012
11 Wye Chepstow, 3800 65 0.9 651 2014 1998,
UK 2000%*
12 Severn Gloucester, 10,700 104 0.9 880 2014+ 1947, 1982, 1968
UK 2007, 2012,
2013,2014

Notes: * minor storm surges (return period <10 years) during river/flash flood were identified in the hydrometerological data used in this study, ** estuaries currently protected

by storm surge barriers; *** storm surge occurred between waves of river floods (2013/2014).
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