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Abstract Decadal predictions bridge the gap between the short-term weather/seasonal

forecasts and the long-term climate projections. They target the reproduction of large-scale

weather patterns at multi-year time scales by both recognizing the long memory of some

components of the climate system, and explicitly including the evolution of greenhouse gas

concentrations as an external forcing. This study illustrates the use of decadal predictions

to determine the near-future storminess at regional scales. Specifically, the evolution of

extreme storm surges and sea levels along the Atlantic Iberian coast is assessed. Present

(1980–2016) and near-future (2021–2024) storm surges are simulated over the northeast

Atlantic, forced by atmospheric reanalyses (ERA-Interim) and decadal predictions

(MiKlip), respectively. Results are then statistically analyzed to investigate the short-term

effects of climate change and climate variability on extreme surges and extreme sea levels.

Surges will increase mostly in early winter, while tides are largest in late winter. As a

result, the impact of the increase in storminess on the extreme sea levels and coastal

flooding will be modest, and the growth in extreme sea levels will be dominated by the

contribution of mean sea level rise.
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1 Introduction

Floods of marine origin constitute a major natural hazard, responsible for countless

casualties and severe damage every year (Chaumillon et al. 2017). The year 2017, with

eight consecutive hurricanes in the western Atlantic in a six-week period, provides

abundant examples of the devastation caused by marine submersions in Central and North

America. Climate change is aggravating this hazard through an accelerating sea level rise

(SLR) (Dangendorf et al. 2017) and increased storminess in some regions (Thompson et al.

2013). Simultaneously, the growth of population density in coastal regions increases the

vulnerability to these hazards. There is therefore a growing interest in quantifying the

intensity and frequency of extreme events at the coast, and how the associated hazard will

evolve in the future.

The present study aims at analyzing how the flood hazard is predicted to evolve in the

near future along the Atlantic Iberian coast due to changes in atmospheric and ocean

forcings. This area has generally been spared from major marine floods in the past decades.

Yet, this absence of catastrophic events can cause a sense of security and a lack of

preparedness that may aggravate the consequences of a major storm. For instance, a major

storm hit this coast in February 1941, causing dozens of victims and widespread

destruction (Muir-Wood 2011; Freitas and Dias 2013; Garnier et al. 2018). If it were to

happen today, this storm would cause €5 billion worth of damage (Muir-Wood 2011) and

extensive flooding along the margins of the Tagus estuary (Fortunato et al. 2017). Hence,

this hazard should be taken seriously.

Recent studies suggest that the future growth of the flooding hazard in this area will be

milder than in many other regions of the world. Analyses of tidal gauge records indicate

that the past growth of extreme sea levels in the Iberian Atlantic coast is mostly explained

by SLR (Marcos and Woodworth 2017). The same authors found that non-tidal residuals in

this coast had negligible or even negative trends. Several studies also indicate that wave

conditions in the Iberian coast will not be aggravated by climate change (Andrade et al.

2007; Charles et al. 2012; Perez et al. 2015; Camus et al. 2017). Similarly, Vousdoukas

et al. (2016) found that storm surge levels in southern Europe will be stable or even

decrease in the present century. Recently, Vousdoukas et al. (2017) modeled the increase in

extreme sea levels along the European coast during the twenty-first century. These authors

concluded that reductions in extreme surges and waves along the Portuguese coast could

actually offset SLR by the end of the twenty-first century, leading to a reduction in extreme

sea levels. However, these authors approximated the wave setup as 20% of the significant

wave height. Recent findings indicate that this approximation is an overprediction (Guérin

et al. 2018). The conclusions of Vousdoukas et al. (2017) may thus be too optimistic in

regions where extreme waves will decrease in the future.

In order to analyze the evolution of extreme storm surges and water levels along the

Iberian Atlantic coast in the next decade, we take advantage of a recently developed set of

decadal predictions (MiKlip) to reduce the near-future uncertainty found in uninitialized

earth system models (ESMs). The MiKlip collaboration (Marotzke et al. 2016) is devel-

oping a world-class decadal prediction system. Unlike climate projections, which focus on

changes in climatological statistics in response to enhanced greenhouse gas forcing, dec-

adal predictions (e.g., Smith et al. 2007) additionally seek to model near-term (i.e.,

B 10 years) changes in the climate system due to natural internal variability, which can

often be much stronger than the local climate change signal (e.g., Bordbar et al. 2017). This

is achieved by initializing the ESM with the observed state of the climate system, and the

prediction skill is derived from the long-term memory of certain climate system

1004 Nat Hazards (2019) 98:1003–1020

123



components, e.g., ocean and soil. Hence, decadal predictions do not aim to represent the

full range of climatological variability, but rather to predict the range of variability most

likely over the coming decade. The first phase of MiKlip (baseline-0) exhibited improved

skill over its forerunners, particularly over the North Atlantic (Mueller et al. 2012). The

second phase (baseline-1, used herein), in which an improved initialization was introduced,

shows further improved skill, especially in the tropics (Pohlmann et al. 2013). MiKlip

additionally has a significant skill in predicting the statistics of extratropical cyclones,

especially over the Pacific and North Atlantic (of relevance to the Iberia region), and in

particular for the most intense cyclones (Kruschke et al. 2014, 2016). To account for the

inherent uncertainty in initial conditions, MiKlip produces a ten-member ensemble of

predictions for each initialization year. Here, the present is taken as the period 1980–2016

and the future as 2021–2024. The ‘‘present’’ is thus centered on 1998 and the future on

2022. Since the focus is on the near future, the difference between RCPs is negligible and a

single scenario (RCP4.5) is thus considered.

This paper is organized in three sections besides this introduction. The methods are

described first, including the models and the statistical treatment of the results. Results are

presented and discussed next. The major conclusions are summarized in the last section.

2 Methods

2.1 Drivers of extreme sea levels

Extreme sea levels are caused by the combined effect of several agents: mean sea level,

tides, atmospheric pressure, wind and waves. Each of these agents will be affected by

climate change.

Global SLR predictions for the end of the twenty-first century show a large variation,

mostly associated with RCP scenarios. However, the uncertainty is much smaller at shorter

timescales. For instance, Nauels et al. (2017) estimated global SLR for four alternative

scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5). Considering only the period

2000–2023, the four projections are very similar (about 11 cm). Although the regional

variation in SLR can be significant, global projections are generally adequate for the

Iberian Peninsula. Guerreiro et al. (2015) point out that the upward vertical movement at

Cascais is an order of magnitude smaller than SLR. Santamarı́a-Gómez et al. (2017)

computed the vertical land motion at many stations worldwide, and results indicate that, at

most Iberian coastal stations, this motion is smaller than 0.5 mm/year (http://www.sonel.

org), an order of magnitude smaller than the present SLR trend in the region. Also, the

estimated 11 cm rise in sea level between 2000 and 2023 is consistent with the latest

estimates of SLR at Cascais (Antunes 2016): 4.1 mm/year, with a slight acceleration.

Predictions of future SRL rates in the same area for the period 2007–2024, taken from

http://icdc.cen.uni-hamburg.de/1/daten/ocean/ar5-slr.html, are similar: 4.0 mm/year

(RCP4.5) and 4.2 mm/year (RCP8.5). Hence, the global estimate of 11 cm will be used

henceforth.

Pickering et al. (2017) determined the response of tidal amplitudes to SLR. The

response is spatially complex and can be significant in some areas. However, the impacts

of SLR on the tidal amplitude in the Iberian shelf will be small, possibly due to the narrow

continental shelf. For instance, a uniform rise of 2 m in the mean sea level would increase

the mean high water level by up to 3 cm. Assuming a linear response, following Idier et al.
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(2017), the changes in tidal amplitude are an order of magnitude smaller than the driving

SLR and will be neglected herein.

Wave-induced setup can increase the sea level at the coast and depends primarily on the

significant wave height. For instance, Guérin et al. (2018) found wave setups of about

10–15% of the significant wave height for different energetic conditions. In areas of the

world where wave energy is increasing due to climate change, an associated growth in

wave-induced setup should thus be anticipated. However, several studies indicate that

wave conditions in the Iberian coast will not be aggravated by climate change (Andrade

et al. 2007; Charles et al. 2012; Perez et al. 2015; Camus et al. 2017). This trend justifies

ignoring the wave setup in this study. Still, this is a limitation of the modeling approach

followed herein, and in most similar studies, future efforts should attempt to take wave

setup into account.

Finally, the effect of wind and atmospheric pressure on water levels is determined by

running atmospheric and ocean models. Multi-decadal simulations are performed, so that

statistical analyses can be performed on the results and extreme conditions can be

extrapolated. The modeling procedures and the statistical analyses are described below.

2.2 Atmospheric modeling

This study incorporates two sets of atmospheric forcings, representative of the (1) present

day (ERA-Interim, Dee et al. 2011) and (2) near future (MiKlip decadal predictions).

For the decadal predictions, a 10-member ensemble of 4-year predictions (2021–2024)

with different initial conditions was taken from the MiKlip system, the Max Planck

Institute’s ESM with low-resolution stratosphere (MPI-ESM-LR; see Giorgetta et al.

2013). The 10-member ensemble is created via lagged initialization (Pohlmann et al.

2013), i.e., individual members are initialized on consecutive days centered on January 1,

2015. This increased ensemble size, relative to earlier stages of the MiKlip project, has

been shown to increase skill for all lead years (Kadow et al. 2016). Increased ensemble size

additionally allows the ensemble spread to better represent initial condition-related

uncertainty (Kadow et al. 2016); additional sources of uncertainty in decadal predictions

are discussed in Marotzke et al. (2016). MPI-ESM-LR has a horizontal resolution of T63

(* 1.875�/205 km), 47 vertical levels and a model top at 0.1 hPa. All members were

subsequently dynamically downscaled to 0.44� (* 50 km) resolution over the EURO-

CORDEX domain (Jacob et al. 2014) with the COSMO-CLM model (CCLM; Rockel et al.

2008), version 4.8. CCLM is the non-hydrostatic community model of the German regional

climate research community jointly further developed by the CLM-Community. Green-

house gas concentrations follow RCP4.5 (Van Vuuren et al. 2011). The model setup

includes 40 unevenly spaced terrain-following vertical levels (with a higher concentration

of levels near the surface), a 250-km relaxation zone at the lateral boundaries, the Tiedtke

convection scheme (Tiedtke 1989), and a time step of 240 s with a third-order Runge–

Kutta integration scheme. The 0.44� CCLM simulations, dynamically downscaled from

MPI-ESM-LR, are used to force the oceanic models described in Sect. 2.3.

This study analyzes the final years (2021–2024) of the decadal predictions (baseline-1),

representing lead years 7–10 of the 10-year predictions. Focusing on the final years of the

decadal predictions is expected to better highlight the effects of any externally forced

signals to emerge. While, in general, the memory of the climate system decreases with lead

time, the skill scores for storm activity in Europe and the North Atlantic are actually higher

for lead years 2–9 than for lead years 2–5 when compared against climatological forecasts
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(Kruschke et al. 2016). Hence, considering the final years of the decadal predictions should

not increase the uncertainty in the predictions.

Although the MiKlip decadal hindcasts have been validated in previous publications

(e.g., Kruschke et al. 2014, 2016), an additional validation was performed, focused on the

Iberian Peninsula (Fig. 1). Since storm surges in this region are mostly due to low

atmospheric pressures, an extreme value analysis was performed for low atmospheric

pressure. Extremes were determined for the period 1980–2014 for (a) the ERA-Interim

reanalysis and (b) a 10-member ensemble of continuous historical simulations with the

MPI-ESM-LR model downscaled with the CCLM model to 0.44� resolution (i.e., the same

model used in the MiKlip prediction system); we are thus comparing the two global models

used to force our regional model. All ten members of the ensemble were included indi-

vidually in the analysis, and only lead years 7 through 10 were retained, to be consistent

with the lead years used in the near-future simulations. Generalized extreme value (GEV)

distributions were then fitted to the series of annual minima (see Sect. 2.4 for details).

Results suggest a small bias in the MPI-ESM-LR model. At the south and west coast

stations (Huelva, Lagos, Cascais and Leixões), the differences are smaller than 3 hPa.

Considering only the inverse barometer effect, this difference in pressure will lead to a

difference of the order of 3 cm in the storm surge (e.g., Chaumillon et al. 2017) and is

neglected henceforth. At the stations in the north coast (La Coruna and Bilbao), the

discrepancy between the two curves grows with the return period, reaching 8 hPa at Bilbao

for a return period of 100 years. This growth can be due to model errors, but also to the

Fig. 1 Validation of the atmospheric model: extreme low pressure at mean sea level between 1980 and
2014 at several stations (see Fig. 2 for locations) as given by ERA-Interim (circles and solid lines) and
MiKlip (triangles and dashed lines). The symbols represent the empirical distribution function, and the lines
are adjusted GEV distributions
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uncertainty associated with the extreme value analysis method (see Wahl et al. 2017 for an

analysis of this uncertainty).

2.3 Ocean modeling

Tides and surges are modeled separately. Tidal elevations are taken from the application

(Fortunato et al. 2016) of the community model SELFE (Zhang and Baptista 2008) to a

region in the NE Atlantic centered on the Iberian Peninsula (Fig. 2). SELFE is a semi-

implicit finite element shallow water model, which targets cross-scale applications. The

implicit nature of the model and the use of an Eulerian–Lagrangian method for advection

avoid Courant number restrictions, allowing the use of large time steps. SELFE is applied

in depth-averaged barotropic mode. The grid has about 150,000 nodes and a resolution of

about 250 m at the Portuguese coast and 4000 m at the Spanish coast (Fig. 2). The time

step is set to 5 min. The model application is forced at the ocean boundaries by tides from

the global tide model FES2012 (Carrère et al. 2012) and by tidal potential. Eleven tidal

constituents are imposed inside the domain through the tidal potential, and twenty-nine

tidal constituents are forced at the boundary. Results for a 1-year simulation are har-

monically analyzed, and tidal elevations for any specific period are obtained by harmonic

synthesis.

Water levels due to surges are simulated with SCHISM (Zhang et al. 2016). SCHISM

evolved from the original SELFE model (v3.1dc), with many enhancements and upgrades

Fig. 2 Ocean model domain, bathymetry, grid and tidal stations used in the analysis
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for better accuracy and performance. The time step, the grid, the bathymetry and the model

setup are the same as in the tidal simulations. Two types of surge simulations are per-

formed. Present-day simulations are forced by winds and atmospheric pressure from the

ERA-Interim reanalysis (Dee et al. 2011) for 1980–2016 (37 years). Near-future simula-

tions are forced by MiKlip decadal predictions, dynamically downscaled with CCLM to

0.44� resolution over the EURO-CORDEX domain, for 2021–2024 (10 9 4 years).

Since the sensitivity of tides to modest SLR in this region is small, the mean sea level is

considered invariant in all the simulations and linearly added to the results when required.

All simulations are run for 1 year. They start on the 22nd of December of the previous year

so that a 10-day warm-up period can be discarded.

The total water level is obtained by adding the tidal and the surge signals. This approach

implicitly neglects tide–surge interactions. These interactions are explained by nonlinear

terms in the shallow water equations and can be significant in shallow seas (e.g., Horsburgh

and Wilson 2007) and inside estuaries (Fortunato et al. 2017). However, the tide–surge

interactions are negligible in the study area (Fortunato et al. 2016) because the Iberian

continental shelf is only a few tens of kilometers wide (Fig. 2).

The validation of the tidal model showed that its accuracy is very good in the southern

part of the domain (i.e., up to the north of Spain) and declines further north. For instance,

root-mean-square errors for the five major tidal constituents vary between 1 and 10 cm

(Fortunato et al. 2016). The tidal model is therefore considered validated.

The full tide–surge model is validated by comparing model results with observations

from one tide gauge at each coast during the 2009–2010 winter (Lagos, Cascais and La

Coruna). This winter was very stormy in the region, in particular due to the passage of the

Xynthia storm. This storm caused several floods in the Portuguese coast (Freire et al. 2016)

and a major submersion on the French Aquitanian coast (Bertin et al. 2012). Results show

that the model accurately reproduces both the low-frequency motions, dominated by the

surge (Fig. 3), and the total sea surface elevations, dominated by the tidal signal (Fig. 4).

2.4 Statistical analyses

Two distinct approaches were followed to determine extremes. The return periods of

surges were determined with a traditional analysis of extreme values, while the total sea

level was analyzed with a variation of the joint probability method proposed by Fortunato

et al. (2013). Traditional analyses of extreme water levels work with limited numbers of

extreme observations (typically a few tens of years). Statistical distribution functions must

therefore be fit to the data to extrapolate the maximum levels for high return periods. In

contrast, the approach proposed by Fortunato et al. (2013) leads to a number of annual

maxima large enough to avoid the use of analytic functions.

To determine the return periods of surges for each period, generalized extreme value

(GEV) statistical distributions were fitted to the surge annual maxima assuming stationarity

in location, scale and shape parameters. These parameters were determined using a

maximum-likelihood estimator (Hosking 1985). The return period T associated with a

certain water level z is given by T(z) = 1/(1 - P(z)), where P(z) is the probability of non-

exceedance of z in 1 year. The mean water level at each station for the 1980–2016 storm

surge simulations was removed from all the time series to provide a common vertical

reference level: the present local mean sea level. This procedure was applied to sets of 37

and 40 years of data, for the present and the near future, respectively. Extrapolating the

extremes to return periods up to four times the number of years used in the analysis is

generally considered acceptable (Pugh and Woodworth 2014). Here, the extrapolation is
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made to 100 years, well within the acceptable range. The 95% confidence limits were

obtained by bootstrapping with replacement.

The use of ensembles to lengthen the data availability for extreme value analyses is a

standard procedure and has been used previously by, e.g., van den Brink et al. (2005).

Analyses (see Appendix) confirm that the atmospheric fields between the different mem-

bers are not correlated, allowing them to be treated as independent realizations of the

atmospheric circulation.

Sea surface elevations along the Iberian coast obtained with the model were statistically

analyzed to determine extreme water levels for different return periods. The total sea level

was examined with the method proposed by Fortunato et al. (2013) and then assessed by

Fortunato et al. (2016). This method starts by generating a very large number of yearly

time series of sea surface elevation by combining:

• the astronomical tide for a set of 19 consecutive years, which allows the consideration

of the lunar cycle (ca. 18.6 years);

• the surge, with a variable phase lag with the tidal signal. These phase lags vary with 1-h

intervals between plus and minus 15 days, thereby ensuring that a given storm surge

can occur at any time in the neap-spring tidal cycle. However, the seasonality of both

tides and surges is also taken into account. For instance, a surge that occurs in January

cannot be combined with a tide that occurs in March. The consideration of seasonality

is important, as will be shown below.

This procedure provides a very large number of hypothetical annual series for each

mean sea level scenario. Here, 506,160 (i.e., 24 9 19 9 30 9 37) yearly time series were

Fig. 3 Validation of the ocean model at three stations for the winter 2009–2010: low-pass filtered observed
and simulated elevations. Time series were obtained using a Demerliac filter, designed to remove the tidal
signal
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generated for the present (1980–2016) and 547,200 (i.e., 24 9 19 9 30 9 40) for the near

future (2021–2024). The set of all maxima in all series makes it possible to determine the

probability of occurrence of a certain extreme level. An analysis of this method showed

that 100-year return period extremes can be determined from 30 to 40 years of data with

errors of a few centimeters (Fortunato et al. 2016).

3 Results and discussion

3.1 Storm surges

Model results were first analyzed at two representative tidal stations along each of the

northern (La Coruna and Bilbao), western (Leixões and Cascais) and southern (Lagos and

Huelva) coasts of the Iberian Peninsula (Fig. 2). Extreme values exhibit a significant

spatial variability (Fig. 5). The differences in the 100-year return period surge, based on

the GEV distributions, vary between - 9 cm at Leixões and ? 12 cm (Huelva and La

Coruna).

In general, the west coast stations exhibit the smallest changes. The GEV distributions

indicate that their maximum surge increases slightly for the low return periods (below

10 years) and decreases for the higher return periods (above 40 years). However, this

distinct behavior between the high and the low return periods is not clear in the empirical

distributions. It is thus possible that the reduction in extreme surges for high return periods

along the west coast stems from errors in the adjustment of the GEV functions. Lagos,

Fig. 4 Validation of the ocean model at three stations for the winter 2009–2010: observed and simulated
elevations, and differences between them. Unbiased root-mean-square errors vary between 7 cm at La
Coruna and Cascais and 11 cm at Lagos
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which is located on the south coast but very close to the west coast, shows a similar

behavior, with very small changes in the maximum surge. Overall, these changes are

considered negligible.

At the northern and southern stations, the maximum surge increases for all the return

periods up to 100 years. The growth of the surges in the north coast stations may be

overpredicted. Indeed, the validation of the atmospheric model showed that the low-

pressure extremes were under-predicted relative to the ERA-Interim reanalyses (Fig. 1).

So, overall, extreme surges are expected to change very little, except at the southernmost

areas.

In order to search for seasonal behaviors, means and standard deviations were computed

for each hour of the year for the two databases (present and future), and the resulting time

series of the mean and of the mean plus the standard deviation were then further averaged

for each month (Fig. 6). Results reveal marked seasonal patterns. Using the mean plus the

standard deviation as a proxy for the storminess, results show that early spring (April) and

the fall are presently the most severe periods of the year at all stations. Conversely, the

minimum storminess occurs in the summer months. The decadal predictions indicate a

significant increase in the surges in the winter months, in particular at the northern stations.

The increase in storminess in January is observed both in the mean and in the standard

deviation of the surge. Simultaneously, storminess decreases in April at the southern

stations. Due to this behavior, the most severe month in terms of surges will shift from

April to January at the stations in the north and west coasts (Fig. 6).

Fig. 5 Changes in extreme storm surges at selected stations between the present (1980–2016, circles and
solid lines) and the future (2021–2024, triangles and dashed lines). The symbols represent the empirical
distribution law, and the lines are adjusted GEV functions. The shaded areas represent the 95% confidence
limits, obtained by bootstrapping with replacement

1012 Nat Hazards (2019) 98:1003–1020

123



3.2 Extreme water levels

Water levels during 1980–2016 and 2021–2024 were determined by adding tides, storm

surges and the mean sea level. The analysis focuses on the changes between the two

periods, so the statistics of each of these intervals were considered stationary. To be

consistent with this hypothesis, the variability of the mean sea level within each of these

intervals was neglected. The mean sea level in 2021–2024 was assumed to be 11 cm higher

than in 1980–2016, as explained in the previous section.

The extreme sea levels and their evolution are discussed by examining the spatial

variation of the water levels for a 100-year return period (Fig. 7). Extreme sea levels show

a latitudinal gradient, growing northward. As shown by Fortunato et al. (2016), this

behavior is mostly due to the growth of the tidal amplitudes from the south to the north.

However, storm surges also play a small role, since they are smallest in the southern coast

and increase northward along the west coast (Fig. 6). While the spatial evolution of the

extreme water levels is generally smooth, there are localized growths at the head of the

rias, in the northwest of Spain. These growths are due to the funnel shape of these water

bodies, which locally amplifies the tidal amplitudes.

Extreme sea levels, represented by 100-year return periods, are predicted to grow by

10–13 cm along most of the Iberian Atlantic coast (Fig. 7b). This growth will increase

only slightly from about 10 cm near the Strait of Gibraltar to 13 cm near the French

border. The exceptions are the heads of the Galician rias (north of Spain) where the growth

is smaller (typically 0–10 cm). The growth of the extreme sea levels is thus mostly due to

the mean SLR.

Fig. 6 Monthly variation of storm surges at selected stations: monthly averages (lower bars) and average
plus standard deviations (upper bars) for present (left bars) and future (right bars) conditions

Nat Hazards (2019) 98:1003–1020 1013

123



1014 Nat Hazards (2019) 98:1003–1020

123



These conclusions on the evolution of the extreme sea levels (100-year return period)

may appear to contradict the growth of storminess in early winter. Indeed, this growth

suggests that the extreme sea levels would grow beyond the SLR. This expected behavior

is not verified in the present analysis. A possible explanation for this apparent discrepancy

lies in the seasonal effects identified above. Given the importance of the tidal range

compared to the surges, the highest sea levels will tend to occur during equinoxial tides,

i.e., in early March and mid-September (Fig. 8). Because surges are higher in March than

in September (Fig. 6), March is the critical month in terms of extreme sea levels. The

seasonal analysis of the surges indicates that, in March, surges actually decrease in the

southern part of the domain (Huelva, Lagos and Cascais) and increase in the north

(Leixões, La Coruna and Bilbao). This result is consistent with the slight northward growth

of the extreme sea levels. Hence, it appears that the overall growth of storm surges, which

occurs primarily in January, will have little effect on the extreme sea levels.

bFig. 7 Evolution of extreme sea levels along the Iberian Atlantic coast for a return period of 100 years:

a present (1980–2016); b increase from present to future (2021–2024)

Fig. 8 Seasonality of the tides at Cascais, highlighting the occurrence of equinoxial tides in early March
and mid-September. The means and standard deviations were computed from a sample of 19 consecutive
years (1991–2009)
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4 Summary and conclusions

Multi-decadal databases of storm surges and total sea levels were generated for the Atlantic

Iberian shelf. Each database has about 40 years of simulations for the ‘‘present’’

(1980–2016) and the near future (2021–2024, with 10 realizations per year). The ‘‘present’’

and ‘‘future’’ thus represent 1998 and 2022, respectively. Storm surges were simulated with

a shallow water model (SCHISM), in depth-averaged barotropic mode. Simulations were

forced by the ERA-Interim reanalyses (present) and the MiKlip decadal predictions from

the MPI-ESM-LR model (near future); validation of pressure extremes in the MPI-ESM-

LR model showed only a slight bias from reanalyses. Tides were taken from Fortunato

et al. (2016) and added linearly to the surges, since tide–surge interactions are negligible in

the study region. The long duration of the datasets allowed the performance of statistical

analyses and the examination of the short-term impact of changes in the climate system,

due to both natural internal variability and forced climate change, on storm surges and

water levels in the Iberian Atlantic coast.

In general, the surges will increase by a few centimeters between 1998 and 2022. For

return periods around one hundred years, this growth can reach about 10 cm in the south

coast. In the west coast, this growth is smaller and there can even be a reduction for the

higher return periods. Finally, the model shows increases of the order of 10 cm in the north

coast, but this behavior may be due to a bias in the atmospheric model.

The analysis of the total sea levels, including the effect of tides, surges and mean sea

level, shows that the changes in extreme sea levels (100 year return period) will be mostly

due to the mean SLR. The apparent discrepancy between the behaviors of extreme storm

surges and sea levels is explained by the seasonal variability of the tides and surges: surges

will increase mostly in early winter, while tides are largest in late winter. Hence, the

extremes tend to occur in late winter and will be unaffected by the growth of surges in the

early winter.

While the increase in storminess in early winter may not have a significant effect on

coastal flooding, other adverse effects are likely to occur. In particular, coastal erosion is

bound to be aggravated by the higher winter storminess. Further studies are required to

examine this effect in detail, and in particular, waves will need to be considered in the

simulations.

The ability of the decadal projections to determine whether a particular region will be

prone to storms, floods or droughts in a given period can be exploited by the civil pro-

tection and water authorities to improve planning and management, and ultimately save

lives, reduce costs or optimize agricultural production. Yet, because decadal predictions

are still in their infancy, their potential remains to be fully exploited. This paper constitutes

a first attempt to exploit decadal predictions to determine the future storminess at regional

scales.
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Appendix

The statistical analyses presented in the paper used several predictions for each year. The

predictions vary in the way the atmospheric model was initialized (10 different ensemble

members) and, in some cases, the lead year (i.e., the number of years since the beginning of

the simulation). The question arises as to what extent different daily predictions for the

same year exhibit any type of similarity or correlation. The answer to this question is

important to establish whether or not the time series represent independent realizations of

the atmospheric state.

It was hypothesized that the different predictions for the same year were uncorrelated,

except for the seasonal signal. This hypothesis was verified for the mean sea level pressure

at Cascais, using the predictions for 1980–2011. For each year, we used 40 predictions,

corresponding to 10 ensemble members and 4 lead years (lead years 7 through 10).

The verification proceeded as follows. First, daily and monthly averages of mean sea

level pressures at Cascais were computed for the 1280 time series (10 ensemble members,

32 years and 4 lead years). Then, the climatology (means of the monthly means) was

determined and subtracted from the daily time series to obtain the daily residuals. Finally,

the correlation for each pair of daily residuals series for the same year was determined.

Results show that there is no correlation between predictions (Fig. 9), thereby validating

their use as independent time series.

Fig. 9 Correlation analysis between predictions for the same year. Each circle represents the correlation
coefficient between two time series of predicted residuals for the same year at Cascais. The solid line shows
their mean, and the shaded area shows the 95% confidence interval
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Keuler K, Kovats S, Kröner N, Kotlarski S, Kriegsmann A, Martin E, van Meijgaard E, Moseley C,
Pfeifer S, Preuschmann S, Radermacher C, Radtke K, Rechid D, Rounsevell M, Samuelsson P, Somot
S, Soussana J-F, Teichmann C, Valentini R, Vautard R, Weber B, Yiou P (2014) EURO-CORDEX:
new high-resolution climate change projections for European impact research. Reg Environ Change
14:563–578. https://doi.org/10.1007/s10113-013-0499-2

Kadow C, Illing S, Kunst O, Rust HW, Pohlmann H, Müller WA, Cubasch U (2016) Evaluation of forecasts
by accuracy and spread in the MiKlip decadal climate prediction system. Meteorol Z 25(6):631–643

Kruschke T, Rust HW, Kadow C, Leckebusch GC, Ulbrich U (2014) Evaluating decadal predictions of
northern hemispheric cyclone frequencies. Tellus A Dyn Meteorol Oceanogr 66(1–15):22830. https://
doi.org/10.3402/tellusa.v66.22830

Kruschke T, Rust HW, Kadow C, Muller WA, Pohlmann H, Leckebusch GC, Ulbrich U (2016) Probabilistic
evaluation of decadal prediction skill regarding Northern hemisphere winter storms. Meteorol Zeits-
chrift 25(6):721–738

Marcos M, Woodworth PL (2017) Spatiotemporal changes in extreme sea levels along the coasts of the
North Atlantic and the Gulf of Mexico. J Geophys Res Oceans. https://doi.org/10.1002/2017JC013065

Marotzke J, Müller WA, Vamborg FS, Becker P, Cubasch U, Feldmann H, Kaspar F, Kottmeier C, Marini
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