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Chapter

Simplified Methods for Storm
Surge Forecast and Hindcast in
Semi-Enclosed Basins: A Review
Davide Pasquali

Abstract
It is widely known that small and semi-enclosed basins could be inclined to
storm surge events. This is mainly due to either the meteorological exposition, to
the presence of a continental shelf or to their shape. These storm surges can induce
coastal flooding and consequent problems in terms of infrastructure stability and
damage to touristic activities or, in some cases, threaten human life. Therefore, in
order to manage the risk, coastal managers or policymakers need to have forecast or
hindcast tools. They must help to take preventive actions that may be done previously to the occurrence of natural phenomena and to carry out simultaneous actions
useful during the occurrence of the event. This work aims at answering these
necessities presenting a review of two methods for storm surge forecast and
hindcast in semi-enclosed basins.
Keywords: storm surge forecasting, storm surge hindcasting, sea level variations,
artificial neural networks, extreme events, generalized Pareto distribution,
coastal flood risk, risk assessment, sea level rise, climate change

1. Introduction
The last few years have seen the increase of human settlement in the coastal
areas, for social, touristic or economic reasons. This phenomenon leads to a consequent increase in human occupation of coastal areas (e.g. [1]). All these factors,
combined with the attention paid to the sea level rise scenarios (e.g. [2]) and with
the problem of coastal erosion (e.g. [3–5]), justify the increasing attention paid to
storm surge events and related coastal flooding.
As it is well known, the tide level is the superposition of a harmonic component
related to the mutual influence of the earth, sun and moon and a meteorological
one. The first is purely deterministic and has been studied since the last years of the
nineteenth century. Indeed, since the observation of the phenomenon started
before Christ, only after Newton’s theory [6] researchers as George Darwin [7]
provided the first mathematical description of the tides. However, the first model of
the tides is the “harmonic theory” developed in 1927 by Doodson [8]. It considers
the tides as a superposition of sinusoidal constituents, whose frequencies are
referred to as those evaluated on the basis of astronomical forces. The amplitude,
instead, is influenced by the shallow water conditions, the coastal effects and
morphological phenomena due to the interaction between waves and bottom [9].

1

Geophysics and Ocean Waves Studies

For a more comprehensive description of the “harmonic theory”, the reader may
refer to Godin, McCully, and Pugh [9–11].
The difference between the deterministic component and the total measured
level oscillation can be related to meteorological phenomena and may be defined as
storm surge. It is also referred to as meteorological component or residual. In European
literature, the term storm surge is commonly used [12].
Generally speaking, the generation of storm surges is (mainly) due to pressure
gradients and wind set-up. The effect of the wind is to push the water in the
principal direction of the wind causing an increase in sea level. The other factor that
induces variation in sea level is the barotropic field (e.g. pressure anomalies) causing the physical phenomenon of the “inverse barometric effect” that is the increase
of mean sea level as the pressure decreases (e.g. 1 cm for each hPa).
Talking about small and semi-enclosed basins (e.g. Adriatic Sea, Black Sea,
Caspian Sea, Great Lakes, etc.), there is another effect contributing to the level
increase. This effect may be attributed to the case in which meteorological perturbations persist for a long time over the basin (e.g. until several days). In those
situations, there are two main consequences: The first is that it could be difficult to
forecast the storm surge (e.g. [13]), and the second is related to the dynamic of the
basin. Indeed, if the basin is semi-enclosed, its natural modes, i.e. seiches, may be
excited, and level oscillations may persist for several days in the whole basin area
(e.g. [14–16]).
While the astronomical component can be estimated and reconstructed by
means of standard techniques (based on the theory of harmonic analysis) (e.g.
[11, 17, 18]) performed by using measured level time series, the reconstruction of
storm surge events, with both forecast and hindcast purposes, is not deterministic
and requires more effort in its evaluation.
The topic of storm surge and their forecast has been investigated in the past by
many researchers (e.g. [19–22]), and the importance of the topic is also highlighted
observing that there are countries that are being equipped with early warning
systems (e.g. [23]).
From a practical point of view, there are three ways to study storm surges: pure
numerical approaches (i.e. circulation models), statistical approaches (i.e. artificial
neural networks) and mixed approaches.
In the case of a pure numerical approach, the aim is to focus the attention on the
ability of the model to reproduce the physical processes (e.g. [24]). These methods
are physics-based and are often referred to as “dynamical method” (e.g. [25]). They
numerically solve the classical mathematical set of equations composed by the continuity equation and the equation of motion where the initial and boundary conditions
are given by a meteorological model (e.g. [25]). As pointed out by Vilibić et al. (e.g.
[25]), the first examples of dynamical methods, at least for the Adriatic Sea, are
[26, 27], for the only Adriatic area and for the entire Mediterranean Sea, respectively.
An improvement in terms of forecast reliability (also in terms of forecast window) is
the use of ensemble-based prediction systems (e.g. [28]) that allow having a more
consistent forecast than that obtained with a single deterministic one.
Statistical approaches, instead, are based on the use of regression models to
estimate a series of predictors and weights to forecast the desired variable (i.e. water
level). The database is usually composed by observed or forecast and/or hindcast
data given by a meteorological model (e.g. [29–33]).
Numerical models are accurate, with great reliability, as they are physics-based.
However they involve high computational costs compared to the statistical ones.
These are fast, show an acceptable reliability, but have no physics inside.
A possible way to overcome these problems is the use of the last category of
approaches, the “mixed” ones. They statistically correct the results coming from
2
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numerical models with the aim to reduce the computational costs. The idea is to use
numerical models accepting low reliability using meshes with lower resolution (i.e.
lower computational costs) and correcting the obtained results by means of
statistical tools (e.g. [34–36]).
In all the three cases (dynamical, statistical and mixed approaches), meteorological data provided by global general circulation models (e.g. European Centre for
Medium-Range Weather Forecasts (ECMWF), the Meteorological Research Institute model (MRI-AGCM3.2) [37, 38]) have to be used, so the final reliability is often
related to those of the GCMs.
This chapter aims to propose a review of two simplified methods [36, 39] finalized to forecast and hindcast storm surge levels. Both approaches are mixed, so they
have a first physics-based approach where the water level due to the wind is
evaluated (once at all) and a separate step in which the obtained results are
corrected (i.e. the barotropic effects are considered) by means of statistical techniques. The chapter is structured as follows. Section 2 describes the general outline
of the two methods, Section 2.2 illustrates the forecast method, while Section 2.3
details the hindcast one. The applications of the two approaches are described in
Section 3. Concluding remarks close the chapter.

2. Methods
2.1 Outline
The whole idea behind the presented forecast and hindcast methods lies in the
theory of linear dynamic systems (e.g. [40]). The concept is to consider, at least for
technical purposes, the dynamics of semi-enclosed basins (e.g. [41]) as linear. The
linearity allows to compute the unit response function of the basin and use it to
determine (by using the convolution integral) the response of water level due to any
wind time series.
More in detail, at this step a basin is discretized in small areas. In each area, the
wind must be considered homogeneous and constant. The total number of the areas
must be chosen in order to capture the variation of wind field across the basin (i.e.
gradients). Considering a generic point of interest in the domain (hereinafter
referred as POI), the elevation ηðtÞ due to one wind stress impulse acting on a
generic area i of the domain will be
V
ηi ðtÞ ¼ UF U
i ðtÞ þ VF i ðtÞ

(1)

V
where FU
i ðtÞ and F i ðtÞ are the unit response functions induced by wind with a
duration equal to Δt acting on area i, while U and V are the components of wind
stress impulse along with the two Cartesian directions (zonal and meridional,
respectively) acting on the same area.
Considering M wind stress impulses, Eq. (1) becomes

ηi ðtÞ ¼

j≤M
X

U ij F U
i ðt

jΔt þ ΔtÞ þ V ij F Vi ðt

jΔt þ ΔtÞ

(2)

j¼1

The value obtained with Eq. (2) is the water elevation of a POI due to a series of
wind stress impulses U ij and V ij happened between t ¼ ð j 1ÞΔt and t ¼ jΔt on
area i. The level due to the contribution of N areas can be easily calculated by using
the superposition of the role of each area; therefore, Eq. (2) must be modified to as
3
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ηðtk Þ ¼

j≤M
N X
X
i

ðτ Þ

U ij F U
i ðtk

ðτ Þ

jΔt þ ΔtÞ þ V ij F Vi ðtk

jΔt þ ΔtÞ

(3)

j¼1

with tk ¼ ðk 1ÞΔτ.
The values of U and V can be forecast or hindcast data provided by global
general circulation models and must be taken at a point at each area.
V
The unit response functions F U
i and F i , instead, can be evaluated using a
numerical model (e.g. [42, 43]). It has to be stressed that the computation of the
unit response functions has to be done once for all for each considered basin. In this
way, it is possible to limit the computational costs of the methods.
However, the computed level is due to the wind field effect and does not
consider the role of the barotropic field in the storm surge generation. For this
reason, it can be viewed as a “raw level”.
The pressure field is considered using statistical techniques. The forecast and the
hindcast models have the physics-based module as a common part but correct the
raw level in a different manner.
2.2 Forecast method statistical correction
As previously underlined the statistical corrections are often carried out using
regression models or, alternatively, artificial neural networks (ANNs).
In the proposed method, the use of a series of ANNs aimed at correcting the
forecast for each lead time is suggested. Without claiming to be exhaustive, the
ANNs could be defined as a statistical tool that reproduces the human ability of
learning. They are made up of a layer of input neurons that, interacting with
connections characterized by their own weight (i.e. hidden layers, activation function, etc.), produce one or more output neurons.
The learning phase is basically the way in which the system acquires information
in order to predict future events on the basis of past experience. Mathematically,
this phase consists of a training aimed at reducing the mean square error (MSE)
between the output neuron(s) and the wished output by changing the weights of
the links between neurons. The methodology is iterative, and it can be stopped only
(after a fixed number of training epochs) when the MSE is lower than a given
threshold. After the learning phase, the net needs to be tested in order to check its
performance. If results are not consistent with the desired accuracy, it is possible to
repeat the training phase. It has to be noticed that this phase is a “black box”, so
results from a training and another one could be very different from each other. At
the end of this process, the network can be used in operational situations.
In the presented case, the choice was to use a series on ANNs instead of only one
because each ANN operates only on one lead time (to correct a forecast of 48 h, 48
ANNs are needed).
A crucial point in ANNS is the choice of input neurons. In the case at hand, the
use of (a) the raw level time series, (b) recent level measurements at the POI and
(c) the pressures at the centre of each area used within the frame of the physicsbased module is proposed. Of course, a sensitivity analysis could be useful in order
to perform this choice in other cases; i.e. the procedure is site-dependent.
2.3 Hindcast method statistical correction
The statistical correction in the hindcast method is different from that of the
forecast one. The reason lies in the different purposes of the method. Indeed, when
the measured data time series are not long enough to be considered representative
4
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(i.e. statistically) for high return periods, the use of hindcast methods is the only
way to work with a subset of reliable data.
In these cases, the interest is not focused on the timing of the reconstructed time
series, but on the reliability in reproducing the extreme events.
For these reasons, the correction of the raw level (obtained using reanalysis
data) is carried out by adding the pressure field using a coefficient Cp that can be
estimated by comparing synchronous observed residual levels and pressure values
at a generic point of interest. This means that Eq. (3) is modified as follows:
ηðtk Þ ¼

j≤M
N X
X
i

ðτ Þ

U ij FU
i ð tk

ðτ Þ

jΔt þ ΔtÞ þ V ij F Vi ðtk

jΔt þ ΔtÞ þ Cp Δpðtk Þ

(4)

j¼1

where Δpðtk Þ represents the atmospheric pressure anomaly.
Due to the aim of the method (i.e. achieve reliable estimates of extreme events),
a correction on the maximum hindcast error for a given temporal window has to be
defined. Having available measured data, it is possible to define the maximum error
(ϵmax ) by comparing the maximum (not necessary synchronous) measured (ηM
max )
H
and hindcast values (ηmax ) occurring within a time frame of a given duration.
Following (e.g. [44]) this error could be defined as the relation between ηM
max and
H
ηmax , and this allows to define a calibration coefficient as
Ccal ¼

ηM
max
:
ηH
max

(5)

Following the technique proposed by [44], it is possible to evaluate the quantile
of the ECDF of the random variable Ccal. This quantile should be viewed as the
comparison between extreme values of observation and the corrected hindcast
series. It is clear that this method requires the availability (even for a few years) of
measured tide levels and pressure values.

3. Application of the methods
This section aims to illustrate the application of the described methods showing
their general performances by means of two applications to real cases. The forecast
method is applied to the northern part of the Adriatic Sea, while the hindcast one to
the southern Adriatic Italian coast.
3.1 Forecast method: the case of Venice
This section shows an example of the application of the forecast method to a POI
located in the northern part of the Adriatic Sea. For this basin, storm surges are
mainly due to Atlantic perturbations (i.e. cyclones). Due to the presence of the
continental shelf and considering thermal effects, the perturbations are amplified
[45]. A famous example of these effects is Venice and the phenomenon of “acqua
alta” causing the partial or total flooding of the city with damage to historical
monuments, economy and private buildings. The recent flooding event of November 2019 has been supposed to damage the city for 4 billion of euros.
The physical characteristics of the weather conditions can induce resonance
phenomena (e.g. [14–16]) with level oscillations persisting for several days in the
whole basin [46].
5
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The worst situation for the Adriatic Sea in terms of storm surge is when the
perturbations come from south-east (i.e. “sirocco winds”) and propagate along the
main axis of the basin (e.g. [45]).
The Adriatic Sea has been discretized in 19 areas (N ¼ 19). The forecast wind
and pressure data have been taken by the European Centre of Medium-Range
Weather Forecast. The dimension of each area is 0.25° (see Figure 1).
The unit wind response functions have been estimated for each of the 19 areas
using the “regional ocean modelling system” (ROMS, e.g. [42, 47]). Due to the
particular geographical conditions and to the prevalent wind directions (i.e.
Sirocco), only the wind stress component acting along the main axis of the Adriatic
Sea (i.e. ≃ 324°N) has been used. A sensitivity analysis shows that results are the
same using both U and V wind components but limiting the computational effort.
This means that also the constitutive equation (3) reads as
ηðtk Þ ¼

j≤M
N X
X
i

R j Fi ðtk

jΔt þ ΔtÞ

(6)

j¼1

where R j is the projection of the wind stress vector along the main axis of the
basin and F i is the unit response function for unit wind stress blowing along the
main axis of the basin at the ith area.
About the simulations, the grid resolution is 30 (i.e. about 5500 m, 175  185
computational points) including all the Adriatic Sea and a portion of the Ionian Sea
(Figure 1). The “Etopo1” bathymetry has been used [48]. The coasts have been
modelled with wall boundary conditions, while in the southern part, a radiation
condition has been imposed (e.g. [46]). Each of the 19 simulations differs from
others for the area in which the wind has been imposed. The duration of the wind

Figure 1.
Illustration of the discretization of the basin. The black circles indicate the POIs, while the grey arrow indicates
the direction of the main axis of the basin.
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impulses is 6 hours (ECMWF resolution), and the response functions were given
with a time resolution equal to ∆τ = 900 s. Figure 2 shows an example of the
computed response functions for two areas located in two different locations in
the basin.
The wind stress values have been computed on the basis of wind speed by using
the relationship proposed by Drago and Iovenitti [49]
R j ¼ γ s W l jW j

(7)

where W l is the wind speed component along the main direction ≃ 324°N and
W is the actual wind speed. The factor γ s is linked to the wind speed (e.g. [50]):
γ s ¼ 6:9  10

4

þ 7:5  10 5 jW j

(8)

Figure 3 shows the performances of the forecast method. The figure shows some
typical results illustrating the forecasted storm surge level (dashed grey line), the

Figure 2.
Example of the computed response functions for two different areas.

Figure 3.
Comparison between the forecasted storm surge level (dashed grey line), the measured storm surge level (triangle
symbols), the forecasted total tide level (dashed black line) and the measured total tide level (black circles).

7

Geophysics and Ocean Waves Studies

measured storm surge level (triangle symbols), the forecasted total tide level
(dashed black line) and the measured total tide level (black circles). The measurements have been taken using the records in the mareographic station (45.41°N,
12.44°E) located on Lido mouth (Italian National Mareographic Network). It is also
illustrated in the figure the total measured tide level (grey cross symbols) and the
forecasted one (solid grey lines). The harmonic component has been evaluated by
means of [17] considering seven components (M2, S2, N2, K2, K1, O1, P1) as
suggested in the literature (e.g. [51]).
The statistical correction have been made training 48 ANNs, one for each
increasing lead time (Δtn = n-hours, n = 1, 2, ..., 48). The used ANNs are multilayer
networks with an input vector, two hidden layers and one output value (the storm
surge). The training has been made using a back-propagation algorithm. In this
case, a Levenberg–Marquardt algorithm has been used. The learning phase of the
ANNs covered 3 years (2009–2011); the testing period is referred to as the year
2012, while the validation period is the year 2013.
As it is possible to see, inspecting Figure 3, the training phase confirms the good
performances of the algorithm, and, in the validation step, at least from a qualitative point of view, it is possible to appreciate the accuracy of the model.
Talking about quantitative performances, a series of statistical parameters have
been evaluated. Mean (μ) and standard deviation (σ) of the differences between
predicted and observed total tide have been computed for the years 2009–2011
(training period), year 2012 (testing period) and year 2013 (validation period, e.g.
[34, 47]). Table 1 summarizes the results of the statistical analysis. It is important to
observe that the absolute value of the mean is always lower than about 0.04 m,
while the standard deviation (that increases as the lead time increases) ranges
between 0.05 m and 0.10 m.
The comparison between the obtained results and those available in the literature (e.g. [34]) reveals that the gained reliability is satisfactory if the simplicity and
computational costs of the method are considered.

Lead time [hours]

μ [m]

σ [m]

Lead time [hours]

μ [m]

σ [m]

1

0.008

0.045

13

0.008

0.077

2

0.004

0.054

14

0.013

0.083

3

0.017

0.072

15

0.025

0.091

4

0.012

0.077

16

0.028

0.095

5

0.010

0.077

17

0.043

0.097

6

0.020

0.069

18

0.012

0.079

7

0.014

0.062

19

8

0.019

0.063

20

0.006

0.064

9

0.025

0.062

21

0.019

0.073

10

0.011

0.062

22

0.026

0.082

11

0.000

0.062

23

0.001

0.077

12

0.000

0.066

24

0.002

0.006

0.070

0.078

Table 1.
Mean (μ) and standard deviation (σ) of the differences between foreseen and measured total tide level as a
function of lead time.
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3.2 Hindcast method: the case of Manfredonia
This section aims at showing an example of the application of the hindcast
method to a POI located in the south of Italy, in the Manfredonia Gulf (41.38°N,
15.55°E). When the wind comes from south or south-east rivers, flow is influenced
by the downstream boundary condition, and several areas are flooded. These events
cause damage to economic activities, private houses, etc. Moreover, the coastal area
on the Gulf suffers from erosion. Although standard protection structures (e.g.
[52, 53]) have been rolled out, erosion problems are still unresolved.
In this scenario, the utility of having a tool to perform hazard analysis is clear [3].
As observed, this method relies on the same mathematical hypotheses of the
forecast one using a different statistical approach to correct the raw data coming
from the dynamical step.
The response functions of the basin have been evaluated in the same way as
described in Section 3.1 and extracted in a different point of interest (see Figure 1).
Following the description in Section 2.3, to apply the hindcast method, a set of
data has been known. In the present case, the wind and atmospheric pressure data
are referred to the ERA-Interim database (European Centre for Medium-Range
Weather Forecasts (e.g. [54]). The spatial resolution of ERA-Interim data is 0.75°,
while the response function of the basin, as described above, has another resolution
equal to 30 . To overcome this problem, the values of wind and pressure (acting at
the centre of each area) have been evaluated performing a linear interpolation.
The tidal data are those collected by means of the tidal gauge station owned by
the Apulia Region Meteomarine Network (also referred to as SIMOP, e.g. [55]). It
collects wave, wind and tidal data along the Apulian coasts [56]. This station does
not gather the measures of atmospheric pressure. Then, in order to compute the
term related to pressure gradients, this data have been taken in two locations near
Manfredonia: Vieste and Bari (see Figure 4) where two tidal gauges of the National
Mareographic Network are installed.

Figure 4.
Sketch of the study area. Circles indicate the point of interest of Manfredonia and the locations mentioned in the
paper.
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As for the case of Venice, the raw level can be evaluated using a simplified
version of Eq. (4) considering the projection of the wind stress along the principal
orientation of the basin (i.e. ≃ 324°N). The modified equation reads as
ηðtk Þ ¼

j≤M
N X
X
i

W ij F W
i ð tk

jΔt þ ΔtÞ þ Cp Δpðtk Þ

(9)

j¼1

where W ij is the projection of the wind stress impulse along the principal
orientation of the basin and Δpðtk Þ is the pressure anomaly.
The coefficient Cp is the correlation factor between the residual levels estimated
by means of the dynamic approach and the related measured pressure anomalies
(i.e. pressure and total tide level are mandatory). In this case, as previously
declared, the pressure measures are referred to as those acquired in the
mareographic stations in Bari and Vieste.
Due to the proximity of the stations to the POI, as might be expected, pressure
measurements are in agreement. For a more detailed description, the reader may
refer to [39]. It is possible to reach the same conclusion considering the quantiles of
the measures in Vieste and Bari (see Figure 5) and comparing the quantiles of the
pressure extracted from the ERA-Interim database at the centre of area 12 (that is
the area the POI belongs to, see Figure 1) against the quantiles of the pressure
observed at Bari (PBARI , left panel) and at Vieste (PVIESTE , right panel). Figure 6
shows the results of the comparison between the quantiles of the ERA-Interim data
and observations.
Based on these outcomes, arguing that the field pressure is almost the same in
the area between Bari and Vieste, for Manfredonia, a value of Cp equal to 0.905 (the
average value estimated for Bari and Vieste) has been considered.

Figure 5.
Quantiles of the measured pressure at Bari (PBARI ) and Vieste (PVIESTE ). The dashed line refers to the perfect fit
line.
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Figure 6.
Comparison between quantiles of the ERA-Interim data and observations at the centre of area 12 against the
pressure observed at Bari (PBARI , left panel) and Vieste (PVIESTE , right panel). The perfect fitting line is in
marked in grey.

A total of 39 years (from 1979 to 2017) of residual tide levels have been
reconstructed by means of Eq. (9). Also in this case, although Eq. (9) considers also
the pressure anomalies (i.e. using the term Cp Δpðtk Þ), results strongly depend on
the reliability of the selected reanalysis data. In the presented application,
ERA-Interim data have been used. As underlined by [57], this database tends to
underestimates the hindcast time series. Therefore, also in this case, a statistical
correction must be made. Considering that the main aim of this method is to build
hindcast time series to be used for return level estimation (i.e. correct hindcast of
extreme values, see Section 2.3), the calibration coefficient was evaluated considering the population of the random variable Ccal given by Eq. (5). The selection has
been made by matching the quantiles of the probability density functions of the
hindcast and observed extreme values.
The extreme extraction has been performed by means of a peak over threshold
(POT) analysis. The obtained data have been used to define the generalized Pareto
distribution (GPD) (e.g. [58]). The threshold selection has been made following the
standard technique proposed by [58].
Varying the calibration coefficient Ccal ranging from 1.0 up to 2.0, the return
levels of the hindcast time series and of the observed values (XrM) have been
computed. Measured data show a threshold equal to 0.10 m with 162 values
exceeding the threshold, while the estimated GPD parameters are ξ ¼ 0:22 (shape
parameter) and σ ¼ 0:03 (scale parameter). The calibration coefficient has been
obtained varying the ratio XrH /XrM as a function of the calibration coefficient
(Ccal). Taking into account a Ccal ¼ 1:24  0:04, the fraction XrH/XrM approaches
to 1. This means that the corrected hindcast time series (by means of Ccal) shows
equal values to those evaluated on the basis of observed time series.
In order to gain insight on the ECDF of the observed and hindcast extreme
values, the Q-Q plots for the uncorrected series (i.e. Ccal = 1) and with a correction
equal to 1.28 (see Figure 7) have been evaluated. Figure 7 shows the results and
exhibits the usefulness of using the calibration coefficient in improving the reliability of the hindcast.
In addition, the root-mean-square error (RMSE) the Bias, the correlation coefficient (R), the index of agreement (d) and the Nash-Sutcliffe efficiency coefficient
(NSE) have been calculated on the sample of the quantiles of the ECDF of the
hindcast and observed extreme values. The RMSE, the Bias and R are commonly
11
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Figure 7.
Q-Q plots for the uncorrected series (black triangle) and with a correction equal to 1.28 (grey circles) of the
ECDF quantiles of the extracted extreme values.

used in the literature (e.g. [59–61]), while d and NSE are less. The index of
agreement (e.g. [62]) measures the model error and varies between 0 (no accordance) and 1 (perfect agreement). Instead, the Sutcliffe efficiency coefficient is
widely used to assess the goodness of a fit (e.g. [63]), and its values range from ∞
up to 1 (perfect agreement).
These statistical indicators have been calculated considering the corrected
(Ccal = 1.28) and uncorrected (Ccal = 1) hindcast data.
Results show that there is a moderate increase in the reliability of the corrected
data (by means of the calibration coefficient). More in details, the RMSE ranged
from 0.020 to 0.010, the Bias has varied from 0.012 to 0.007, R varied from 0.987
to 0.991, d changed from 0.952 to 0.990, and NSE has varied from 0.853 to 0.960.
Remembering the aim of the method, however, the same indexes have been evaluated for the quantiles greater than 0.15 m. In this case, the field contains real
extreme values, and the importance of the correction is emphasized (RMSE:
0.030 ! 0.012, Bias: 0.025 ! 0.009, R: 0.975 ! 0.982, d: 0.849 ! 0.977, NSE:
0.518 ! 0.912).

4. Conclusions
A simplified real-time forecast method and a simplified method for the estimation of return levels of storm surge in semi-enclosed basins are proposed. Both the
two approaches are mixed. Indeed, results coming from a physics-based approach
are corrected by means of statistical corrections.
In both cases, the strategy is to estimate the dynamic response function of the
basin to a unit wind stress. These functions may be used, following the theory of
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Simplified Methods for Storm Surge Forecast and Hindcast in Semi-Enclosed Basins: A Review
DOI: http://dx.doi.org/10.5772/intechopen.92171

linear dynamic systems, to compute the response of a considered semi-enclosed
basin using whatever wind time series.
In this way, only the wind field role is considered, and the pressure field is not.
In order to take into account all the meteorological parameters inducing the storm
surge, a statistical correction for both models is proposed.
In the case of forecast models, the statistical correction have been made using a
series of artificial neural networks trained with (a) the residual raw level time
series, (b) recent residual level estimated at the POI on the basis of the measurements collected during 24 h before the forecast time and (c) the forecasted
pressures along the basin as input neurons.
For the hindcast method, instead, the pressure field has been considered using
the pressure anomaly and operating a statistical correction using a calibration
coefficient.
The approaches allow to reduce the computational costs since the numerical
simulations have to be done once and for all for each considered basin.
The two methods have been applied to two different points of interest in the
Adriatic Sea revealing in both cases good reliability of the obtained results compared to their simplicity.
It has to be noticed that these approaches are devoted to study storm surges in
the semi-enclosed basins and are not able to correctly reproduce storm surges due to
very rapid meteorological events (i.e. hurricanes).

Acknowledgements
The author wants to thank Prof. Marcello Di Risio for his help in suggesting ideas
and methods that have made possible the realization of these approaches. He is also
grateful to all the co-authors in the papers regarding storm surges that have been
cited in the references of this chapter.

Conflict of interest
The author declares no conflict of interest.

Author details
Davide Pasquali
Environmental and Maritime Hydraulic Laboratory (LIam), University of L’Aquila,
Civil, Construction-Architectural and Environmental Engineering (DICEAA),
L’Aquila, Italy
*Address all correspondence to: davide.pasquali@univaq.it

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.
13

Geophysics and Ocean Waves Studies

References
[1] Syvitski JP, Vörösmarty CJ,

[10] Godin G. The analysis of tides and

Kettner AJ, Green P. Impact of humans
on the flux of terrestrial sediment to the
global coastal ocean. Science. 2005;
308(5720):376-380

currents, In: Parker BB, editor. Tidal
Hydrodynamics. 1991. pp. 675-709

[2] Oppenheimer M, Glavovic B,

Hinkel J, van de Wal R, Magnan AK,
Abd-Elgawad A, Cai R, et al. Sea Level
Rise and Implications for Low Lying
Islands, Coasts and Communities.
Ocean Sciences Meeting; 2019

[11] Pugh DT. Tides, Surges and Mean

Sea-Level. John Wiley & Sons Ltd.; 1996
(Reprinted with Corrections)
[12] Gonnert G, Dube S, Murty T,
Siefert W. Global storm surges: Theory,
observations and applications. In: Die
Küste, 63 Global Storm Surges. 2001.
pp. 623

[3] Di Risio M, Bruschi A, Lisi I,

Pesarino V, Pasquali D. Comparative
analysis of coastal flooding vulnerability
and hazard assessment at national scale.
Journal of Marine Science and
Engineering. 2017;5(4):51

[13] Horsburgh K, de Vries J, Etala M,

Murty T, Seo J, Dube S, et al.
Publications, presentations and other
activities. In: Guide to Storm Surge
Forecasting. 2011th ed. Wmo
Publication; 2011

[4] Salman A, Lombardo S, Doody P.

Living with Coastal Erosion in Europe:
Sediment and Space for Sustainability.
EUCC; 2004
[5] Saponieri A, Valentini N, Di Risio M,

Pasquali D, Damiani L. Laboratory
investigation on the evolution of a sandy
beach nourishment protected by a
mixed soft–hard system. Water. 2018;
10(9):1171
[6] Newton I, Halley E. Philosophiae

naturalis principia mathematica, vol. 62.
Jussu Societatis Regiae ac typis Josephi
Streater, prostant venales apud Sam; 1780

[14] Canestrelli P, Mandich M,

Pirazzoli P, Tomasin A. Venti,
depressioni e sesse: perturbazioni delle
maree a venezia (1951–2000). Centro
Previsioni e Segnalazioni Maree; 2001 in
Italian
[15] Cerovečki I, Orlić M,

Hendershott MC. Adriatic seiche decay
and energy loss to the Mediterranean.
Deep Sea Research Part I: Oceanographic
Research Papers. 1997;44(12):2007-2029
[16] Vilibić I. The role of the

[7] Darwin GH. A general article in the

fundamental seiche in the Adriatic
coastal floods. Continental Shelf
Research. 2006;26(2):206-216

tides. In: Admiralty Scientific Manual.
London: The Admiralty; 1886. pp. 53-91

[17] Codiga DL. Unified tidal analysis

[8] Doodson AT. The harmonic
development of the tide-generating
potential. Proceedings of the Royal
Society of London, Series A. 1921;
100(704):305-329

and prediction using the UTide Matlab
functions. In: Technical Report 2011–01.
Narragansett, RI: Graduate School of
Oceanography, University of Rhode
Island; 2011
[18] Pawlowicz R, Beardsley B, Lentz S.

[9] McCully JG. Beyond the Moon: A

Conversational Common Sense Guide to
Understanding the Tides. World
Scientific; 2006
14

Classical tidal harmonic analysis
including error estimates in matlab
using t_tide. Computers & Geosciences.
2002;28(8):929-937

Simplified Methods for Storm Surge Forecast and Hindcast in Semi-Enclosed Basins: A Review
DOI: http://dx.doi.org/10.5772/intechopen.92171
[19] Bajo M, Zampato L, Umgiesser G,

Cucco A, Canestrelli P. A finite element
operational model for storm surge
prediction in Venice. Estuarine,
Coastal and Shelf Science. 2007;75(1):
236-249
[20] Bernier NB, Thompson KR.
Deterministic and ensemble storm surge
prediction for Atlantic Canada with lead
times of hours to ten days. Ocean
Modelling. 2015;86:114-127
[21] Daniel P, Haie B, Aubail X.

Operational forecasting of tropical
cyclones storm surges at meteoFrance. Marine Geodesy. 2009;32(2):
233-242
[22] Flather RA. Existing operational

oceanography. Coastal Engineering.
2000;41(1):13-40
[23] Heaps N. Storm surges, 1967–1982.

Geophysical Journal International. 1983;
74(1):331-376
[24] Harris DL. The equivalence between
certain statistical prediction methods
and linearized dynamical methods.
Monthly Weather Review. 1962;90(8):
331-340

[28] Bertotti L, Bidlot J-R, Buizza R,
Cavaleri L, Janousek M. Deterministic
and ensemble-based prediction of
Adriatic Sea sirocco storms leading to
‘acqua alta’in Venice. Quarterly Journal
of the Royal Meteorological Society.
2011;137(659):1446-1466
[29] Canestrelli E, Canestrelli P,

Corazza M, Filippone M, Giove S,
Masulli F. Local learning of tide level
time series using a fuzzy approach. In:
2007 International Joint Conference on
Neural Networks, IEEE. 2007.
pp. 1813-1818
[30] Michelato A, Mosetti R, Viezzoli D.

Statistical forecasting of strong surges
and application to the lagoon of Venice.
Bollettino di Oceanologia Teorica ed
Applicata.1983;1:67-83
[31] Petaccia S, Serravall R, Pellicano F.
Improved method of sea level
forecasting at Venice (northern Adriatic
Sea). Communications in Nonlinear
Science and Numerical Simulation.
2006;11(3):281-296
[32] Tomasin A, Frassetto R, Nihoul J.

Cyclogenesis and forecast of dramatic
water elevations in Venice. Marine
Forecasting. 1979:427-437

[25] Vilibić I, Šepić J, Pasarić M, Orlić M.

The Adriatic Sea: A long-standing
laboratory for sea level studies. Pure and
Applied Geophysics. 2017;174(10):
3765-3811

[33] Tosoni A, Canestrelli P. Il modello

[26] Bargagli A, Carillo A, Pisacane G,
Ruti P, Struglia M, Tartaglione N. An
integrated forecast system over the
Mediterranean basin: Extreme surge
prediction in the northern Adriatic Sea.
Monthly Weather Review. 2002;130(5):
1317-1332

[34] Bajo M, Umgiesser G. Storm surge

[27] Lionello P, Zampato L, Malguzzi P,

Tomasin A, Bergamasco A. On the
correct surface stress for the prediction
of the wind wave field and the storm
surge in the northern Adriatic Sea. Il
Nuovo Cimento C. 1998;21(5):515-532
15

stocastico per la previsione di marea a
venezia. Atti Ist Veneto Sci Lett Arti.
2011;169:2010-2011

forecast through a combination of
dynamic and neural network models.
Ocean Modelling. 2010;33(1):1-9
[35] Mel R, Lionello P. Probabilistic
dressing of a storm surge prediction in
the Adriatic Sea. Advances in
Meteorology. 2016;2016. DOI: 10.1155/
2016/3764519
[36] Pasquali D, Di Risio M, De

Girolamo P. A simplified real time
method to forecast semi-enclosed basins

Geophysics and Ocean Waves Studies

storm surge. Estuarine, Coastal and
Shelf Science. 2015;165:61-69
[37] Molteni F, Buizza R, Palmer TN,

Petroliagis T. The ecmwf ensemble
prediction system: Methodology and
validation. Quarterly Journal of the
Royal Meteorological Society. 1996;
122(529):73-119
[38] Yukimoto S, Adachi Y, Hosaka M,

Sakami T, Yoshimura H, Hirabara M,
et al. A new global climate model of the
meteorological research institute: Mricgcm3—Model description and basic
performance. Journal of the
Meteorological Society of Japan. Ser. II.
2012;90:23-64
[39] Pasquali D, Bruno M, Celli D,

Damiani L, Di Risio M. A simplified
hindcast method for the estimation of
extreme storm surge events in semienclosed basins. Applied Ocean
Research. 2019;85:45-52
[40] Di Risio M, Pasquali D, Lisi I,
Romano A, Gabellini M, De Girolamo P.
An analytical model for preliminary
assessment of dredging-induced sediment
plume of far-field evolution for spatial
non homogeneous and time varying
resuspension sources. Coastal
Engineering. 2017;127:106-118

[44] De Girolamo P, Di Risio M,

Beltrami G, Bellotti G, Pasquali D. The
use of wave forecasts for maritime
activities safety assessment. Applied
Ocean Research. 2017;62:18-26
[45] Cecconi G, Canestrelli P, Corte C,
Di Donato M. Climate record of storm
surges in Venice. In: RIBAMOD–River
Basin Modelling, Management and
Flood Mitigation, Concerted Action,
Proceedings of the final Wallingford
Workshop, vol. 18287. Luxembourg,
EUR: European Commission; 1999.
pp. 149-156
[46] Schwab DJ, Rao DB. Barotropic

oscillations of the Mediterranean and
Adriatic seas. Tellus A. 1983;35(5):
417-427
[47] You SH, Lee W-J, Moon KS.

Comparison of storm surge/tide
predictions between a 2-d operational
forecast system, the regional tide/storm
surge model (rtsm), and the 3-d
regional ocean modeling system (roms).
Ocean Dynamics. 2010;60(2):443-459
[48] Amante C, Eakins B. Arc-Minute

Global Relief Model: Procedures, Data
Sources and Analysis (Etopo1). Boulder,
Colorado, USA: NOAA, National
Geophysical Data Center; 2009

[41] Roos PC, Schuttelaars HM.

[49] Drago M, Iovenitti L. σ-Coordinates

Influence of topography on tide
propagation and amplification in semienclosed basins. Ocean Dynamics. 2011;
61(1):21-38

hydrodynamic numerical model for
coastal and ocean three-dimensional
circulation. Ocean Engineering. 2000;
27(10):1065-1085

[42] Haidvogel DB, Arango H,

[50] Garratt J. Review of drag

Budgell WP, Cornuelle BD,
Curchitser E, Di Lorenzo E, et al. Ocean
forecasting in terrain-following
coordinates: Formulation and skill
assessment of the regional ocean
modeling system. Journal of
Computational Physics. 2008;227(7):
3595-3624

coefficients over oceans and continents.
Monthly Weather Review. 1977;105(7):
915-929

[43] Hervouet J, Ata R. User manual of

opensource software telemac-2d. In:
Report. Paris: EDF-R&D; 2017
16

[51] Defant A. Physical Oceanography.

Vol. 1. Pergamon; 1961
[52] Celli D, Pasquali D, De Girolamo P,
Di Risio M. Effects of submerged berms
on the stability of conventional rubble
mound breakwaters. Coastal
Engineering. 2018;136:16-25

Simplified Methods for Storm Surge Forecast and Hindcast in Semi-Enclosed Basins: A Review
DOI: http://dx.doi.org/10.5772/intechopen.92171
[53] Di Risio M, Lisi I, Beltrami G, De

Girolamo P. Physical modeling of the
cross-shore short-term evolution of
protected and unprotected beach
nourishments. Ocean Engineering.
2010;37(8–9):777-789
[54] Dee DP, Uppala S, Simmons A,

Berrisford P, Poli P, Kobayashi S, et al.
The era-interim reanalysis:
Configuration and performance of the
data assimilation system. Quarterly
Journal of the Royal Meteorological
Society. 2011;137(656):553-597

accuracy in watershed simulations.
Transactions of the ASABE. 2007;50(3):
885-900
[61] Willmott CJ, Robeson SM,

Matsuura K. A refined index of model
performance. International Journal of
Climatology. 2012;32(13):2088-2094
[62] Willmott CJ, Ackleson SG,

Davis RE, Feddema JJ, Klink KM,
Legates DR, et al. Statistics for the
evaluation and comparison of models.
Journal of Geophysical Research:
Oceans. 1985;90(C5):8995-9005

[55] Apulia Region. Apulia region

meteomarine network. 2018. Available
from: http://www.adb.puglia.it/public/
news.php?extend.282.6 [Accessed:
06 May 2018]
[56] Damiani L, Bruno MF,

Molfetta MG, Nobile B. Coastal zone
monitoring in Apulia region: First
analysis on meteomarine climate. In:
Proceedings of 5th International
Symposium on Environmental
Hydraulics (ISEH 2007); Arizona, USA.
2007
[57] Samayam S, Laface V,

Annamalaisamy SS, Arena F, Vallam S,
Gavrilovich PV. Assessment of
reliability of extreme wave height
prediction models. Natural Hazards and
Earth System Sciences. 2017;17(3):
409-421
[58] Coles S, Bawa J, Trenner L,

Dorazio P. An Introduction to Statistical
Modeling of Extreme Values. Vol. 208.
Springer; 2001
[59] Durrant TH, Greenslade DJ. Spatial

evaluations of access marine surface
winds using scatterometer data.
Australian Meteorlogical and
Oceanographic Journal. 2012;62:263-276
[60] Moriasi DN, Arnold JG, Van

Liew MW, Bingner RL, Harmel RD,
Veith TL. Model evaluation guidelines
for systematic quantification of
17

[63] McCuen RH, Knight Z, Cutter AG.

Evaluation of the Nash–Sutcliffe
efficiency index. Journal of Hydrologic
Engineering. 2006;11(6):597-602

