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Abstract

ENSURF (Ensemble SURge Forecast) is a multi-model application for sea level fore-
cast that makes use of existing storm surge or circulation models today operational in
Europe, as well as near-real time tide gauge data in the region, with the following main
goals:

— providing an easy access to existing forecasts, as well as to its performance and
model validation, by means of an adequate visualization tool

— generation of better forecasts of sea level, including confidence intervals, by
means of the Bayesian Model Average Technique (BMA)

The system was developed and implemented within ECOOP (C.No. 036355) European
Project for the NOOS and the IBIROOS regions, based on MATROQOS visualization tool
developed by Deltares. Both systems are today operational at Deltares and Puertos del
Estado respectively. The Bayesian Modelling Average technique generates an overall
forecast probability density function (PDF) by making a weighted average of the in-
dividual forecasts PDF’s; the weights represent the probability that a model will give
the correct forecast PDF and are determined and updated operationally based on the
performance of the models during a recent training period. This implies the technique
needs the availability of sea level data from tide gauges in near-real time. Results of
validation of the different models and BMA implementation for the main harbours will
be presented for the IBIROOS and Western Mediterranean regions, where this kind of
activity is performed for the first time. The work has proved to be useful to detect prob-
lems in some of the circulation models not previously well calibrated with sea level data,
to identify the differences on baroclinic and barotropic models for sea level applications
and to confirm the general improvement of the BMA forecasts.
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1 Introduction

During last decades the availability of sea level forecasts, including not just the as-
tronomical tide but also the meteorological component, has become critical for some
countries where the magnitude of storm surges can reach several meters and cause
considerable damage and inundation along the coast. This is the case of North Sea
surrounding states, for example, where the land is both low-lying and densely popu-
lated, and historic extreme storm surges have caused even thousands of dead. More
recently, even regions less prompt to these dramatic events start to make use of these
forecasts, such as the Mediterranean coast, where the meteorological component is of
the same order of magnitude than the tide, and its knowledge becomes useful for large
vessel manoeuvering inside the harbours, or for dredging operations.

Numerical modelling of surges is able to provide a good description of how a real
sea responds to a real imposed weather field, allowing taking into consideration irreg-
ular boundaries and depths of the oceans, that affect surge propagation and magni-
tude, and including non-linear surface and bottom stresses. Barotropic 2-D models
have proved to be adequate for this application during the last 30 years (Flather, 1981,
1987; Alvarez-Fanjul et al., 2001) and have been the basis of the existing operational
sea level forecasts up to now. Nevertheless, the recent improvement on computer skills
and performance of 3-D baroclinic models for current forecasts, and their operational
implementation, has lead to the availability of sea level forecasts coming also from
these more sophisticated and general models in some regions; although not always
considered with the importance it has, validation of sea level output of general circu-
lation models is critical for a correct characterization of the sea surface elevation and
consequently for an adequate description of the circulation patterns.

It is important to stress, however, that numerical models are not enough by them-
selves to provide a precise description of real total sea level, as they always present
a bias with respect to observations that needs to be corrected by making use of real
time tide gauge data. So a complete operational sea level forecast system should be
always based on the use of numerical models and tide gauge data.
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So storm surge forecasting remains one of the central tasks of operational fore-
casting centres throughout Europe, at the same time that the new more general ocean
circulation systems. All these systems provide deterministic and independent forecasts
of sea level for their specific regions, sometimes geographically coincident in part, and
had not been compared and even less combined in order to improve their skills at the
common domains or points. Recent studies have demonstrated the advantages of the
multi-model and the ensemble approach for validation and improvement of predictive
capabilities. Both facts generated the idea of creating the ENSURF system (Ensem-
bles SUrge Forecast), within ECOOP European project (European COastal shelf sea
OPerational observing and forecasting system), Contract No. 036355, whose overall
goal is to consolidate, integrate and further develop existing European coastal and re-
gional seas operational systems. ENSURF constitutes one of the main products of this
project (http://www.ecoop.eu/summary.php), as it represents a perfect example of this
integration, not only because it involves different forecasting systems but also because
it makes use of observations to improve the final forecasts.

2 ENSURF system: objectives and general description

ENSUREF is a multi-model application for sea level forecast that makes use of existing
storm surge/circulation models today operational in Europe, as well as near-real time
tide gauge data in the region. So it is an integration of existing operational sea level
forecasts, with potential for relocation in new coastal areas and the following main
objectives:

1. providing an easy access to existing forecasts as well as to the performance and
validation of the different models, through an adequate visualization tool

2. generation of better forecasts of sea level, including confidence intervals, by
means of statistical techniques such as the Bayesian Model Average (BMA)

3. becoming a joint European service in the framework of ECOOP project
764

OosD

8, 761-800, 2011

ENSURF: multi-model
sea level forecast

B. Pérez et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-print.pdf
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.ecoop.eu/summary.php

10

15

20

25

The system was implemented for the NOOS and IBIROOS regions (Fig. 1), and it
is running operationally at Deltares (http://noos.deltares.nl) and Puertos del Estado
(http://ensurfibi.puertos.es), respectively, based on Matroos visualization tool, devel-
oped by Deltares. The reason for the implementation of these two components was
the different status and experience on sea level data exchange policy, both from models
and observations, at the two regions. Initially it was not possible to develop a compo-
nent for the MOON region, due to the lack of enough operational models with output of
sea level in the Mediterranean Sea. Nevertheless, in this work we have included the
Western Mediterranean, where Spanish and French forecasts and data were available.
The system has shown its usefulness as a user-friendly operational validation tool, and
its ability to improve existing forecasts by means of the Bayesian Model Average Tech-
nique. It is the first time such a kind of tool is implemented for the South of Europe
and, although only implemented for sea level applications within this project, it would
be immediate and easy to do it for any other parameter such as waves or currents.

We present in this paper the implementation performed at Puertos del Estado for
the IBIROOS region, for which it was necessary to select the locations of the storm
surge forecasts within available tide gauges and to establish the data fluxes (real time
measurements and forecasts) between partners. The system is nowadays operational
and ready to incorporate more stations and sources in the future (Fig. 2). We will also
show at the end the first validation results of the different models and the performance
of the Bayesian Model Average Technique, for a specific period.

ENSURF is based on MATROOS (Multifunctional Access Tool for Operational Ocean
Data Services) visualization tool developed by Deltares. It is installed in a computer
where automatic scripts are in charge of the acquisition of data from both models and
tide gauges through the Internet, by means of ftp sites. So the first step is establish-
ing the adequate data flux and formats for an operational integration in our system.
Through this scheme, both time series of data (forecasts and observations) and fore-
casted fields can be included in an internal Data Base, allowing an easy access and
visualization by remote users (Fig. 3).
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The models output can be simply the surge component (when they are forced just
with meteorological forecasts) or the total sea level (including the tide). In the first case
the tide needs to be added later in order to provide a total sea level forecast. On the
other hand, sometimes the models are run in a barotropic mode, as it has been said
normally sufficient for storm surge applications, and others the sources of the forecasts
are general circulation or baroclinic models, which in principle include all the different
sea level signals (e.g. density changes). For the first time all these different applications
can be validated in near-real time thanks to ENSURF system.

2.1 ENSURF-IBIROOS sources and data

The sources currently contributing with operational sea level forecasts to the IBIROOS
component of ENSURF are shown in Table 1. As already mentioned, the characteris-
tics of the models differ, some being barotropic and others baroclinic, and also account-
ing for different kinds of forcings, leading to different outputs of sea level (depending on
just having meteorological forcing or including also the tide).

Of course, implemented by different institutions in different countries, the domains
of the models are also diverse (Fig. 4), although sharing part of the coastline in some
cases; these will be the coastlines and harbours where the advantage of multi-model
approach to improve the forecasts will be explored. A brief description of each source,
without entering into too many details, is given below.

2.1.1 Nivmar system

In operation since 1998 at Puertos del Estado, it is based on the Hamsom circula-
tion model and the use of near-real time tide gauge data from the REDMAR net-
work (Alvarez Fanjul et al., 2001). The model is run vertically integrated in barotropic
mode, forced only with meteorological data (atmospheric pressure and wind) from the
HIRLAM meteorological model (Unden et al., 2002; HIRLAM project: http://hirlam.org).
The forecast is run twice a day (00:00 h and 12:00 h UTC cycles), with a 72 h forecast
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horizon, and the domain covers the Spanish Atlantic coast and Canary Islands as well
as the whole Mediterranean Sea.

Hamsom (Backhaus, 1983; Rodriguez et al., 1991; Alvarez et al., 1997) uses a
finite difference semi-implicit scheme on a variable size grid, being the resolution of
the central area of the domain 10’ x 15’ for latitude and longitude, respectively. For
the bottom friction it makes use of a quadratic function in terms of the current velocity,
and for the wind stress it uses the Charnock parameterization (Charnock, 1955), which
consists on the use of a constant non-dimensional surface roughness or Charnock
coefficient (a = zog/Wz, where z; is the rougness length, W the friction velocity and g
the gravitational acceleration). The open boundary conditions consist of the inverted
barometer effect (Atlantic). The HIRLAM meteorological model is a limited area model
with 0.16° and 6 h spatial and temporal resolution, being run twice daily by the AEMET
(Spanish Meteorological Agency).

The bathymetry employed is the DTM5 data set (GETECH, 1995). Output data are
hourly values of meteorological residual at all the points of the domain (no tide) and
total seal level at special points (harbours) where a tide gauge is available, what allows
to add the tidal component derived from observations to the model result.

Nivmar includes a simple data assimilation scheme for the forecast at the harbours,
improving the results of the predictions by correcting the mean value of the simulated
residuals. The correction is done by adding a constant value which is the difference of
the means of the predicted and the observed time series during a recent time window.
This is in fact the same technique used by the BMA to deal with the bias problem that
will be explained later.

2.1.2 ESEOAT system

ESEOQOAT is an ocean forecasting system operational at Puertos del Estado since 2006
(Sotillo et al., 2007, 2008). It is based on the 3-D baroclinic model POLCOMS (Proud-
man Oceanographic Laboratory Coastal Ocean Modelling System), which uses a finite
differences scheme, and covers the Iberian Atlantic waters with an 1/20° horizontal

767

OosD

8, 761-800, 2011

ENSURF: multi-model
sea level forecast

B. Pérez et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-print.pdf
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

resolution and 34 vertical S-levels. A flux/radiation boundary condition scheme is used
for elevations and water column mean velocities; relaxation of temperature and salinity
and inverse barometer conditions are also included at the open boundaries. Near bed
velocities are computed by means of friction coefficients. The system is forced with
the same meteorological fields than Nivmar (HIRLAM system). The wind stress makes
use of the Charnok parameterization. Bathymetry used is derived from GTOPO30
data base and a tidal forcing, based on 15 harmonic constituents imposed at the open
boundaries, is also considered. Hourly outputs of total sea level (including tides) and
surface fields are provided, as well as daily averaged 3-D fields (temperature, salinity
and currents). ESEOAT does not include tide gauge data assimilation.

2.1.3 Meteo-France sources

Meteo-France provides three different forecasts to the system, which make use of the
same circulation model (the Météo-France Storm Surge model), with different meteo-
rological forcing. The storm surge model is a 2-D barotropic model which uses finite
differences on an uniform grid, with a resolution of 5’ (around 9 km), the Chezy bot-
tom roughness condition (Chézy, 1776), which implies the dependence of the bottom
friction coefficient on a constant Chezy value for the whole domain, i.e. no depth de-
pendency, and the Wu formulation for the wind stress (Wu, 1982), which considers it
varies linearly with U,,, wind velocity measured at 10 m above the mean sea surface.
As boundary condition it uses the output of the global ocean storm surge circulation
model, and as bathymetry the GEBCO1’ x 1" plus local and regional fixes. There is no
tide forcing. The three forecasts correspond to the following meteorological forcings:

— Metfr_ecmwf: IFS: ECMWF global model with 4DVar, 25 km, 0.5° every 6 h.

— Metfr_arpege: Arpege: Météo-France global model with 4DVar, 23 km, 0.25°, ev-
ery 3h.

— Metfr_aladin: Aladin: Météo-France, LAM+3DVar coupled by Arpege, 9km, 0.1°,
every 3 h.
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The output consists of 10 min surge or meteorological sea levels at all the grid points.
No data assimilation from tide gauge data.

2.1.4 IMI system

Operational circulation forecasting system developed by the Marine Institute for the
Northeast Atlantic, based on the 3-D baroclinic ROMS model, which uses a finite dif-
ferences scheme on a c-grid, rotated by 45°. The resolution is 2.5km. As bottom
friction condition it makes use of a logarithmic B.L. with roughness coefficient. As open
boundary conditions it uses MERCATOR psy2v2 with radiation, TPXO and 7 tides with
Flather+Chapman. For the wind stress it uses the C. Fairall COARE method. The
bathymetry is based on the Irish SWATH and the GEBCO UK Admiralty data sets. The
meteorological forcing is provided by the NCEP GFS 1° 3h fields and tide is included
with 10 harmonic constituents. The output consists of 10 min total sea level at tide
gauge locations and 3 h fields of salinity, temperature, currents and sea surface height.
No data assimilation of tide gauges is performed.

2.1.5 Metga system

MeteoGalicia operational storm surge forecast is based on a 2-D-barotropic version of
Mohid circulation model that uses a finite volumes numerical scheme and the Large
and Pond, 1981, parameterization of the wind stress. Although several spatial scales
have been defined with the aim of defining the storm surge processes in Galicia Coast
and inside the Rias, for ENSURF we use by now just the coarse resolution grid cover-
ing the Iberian Peninsula with 0.06° resolution. The bathymetries used were obtained
without any type of filtering, using as source of bathymetries GEBCO with 30 s of arc of
resolution and data from local nautical charts to correct near coast zones. Meteorolog-
ical forcing is provided by the local atmospheric model WRF with boundary conditions
provided by the GFS global model. WRF model is running daily in 3 nested grids
with 36, 12 and 4 km resolution forcing the different MOHID scales with 1 h temporal
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resolution. Also an inverted barometer effect is imposed at the open boundary. The
system output produces daily three days forecast, with hourly values of meteorological
sea level and current velocity fields, as long as surface elevation maps.

2.1.6 Tide gauge data

A common set of tide gauge stations were selected for reception of sea level data in
near-real time. All the models must provide their output at all these special points in-
cluded in its geographical domain; the purpose of this is not just the validation of the
different models with observations at the harbours, but also the implementation of the
Bayesian Model Average Technique (BMA) for statistical forecast at these specific lo-
cations, as it will be explained later. The important role of tide gauge data for improving
sea level forecasts at the coast is recognized since the implementation for example
of the Nivmar system (Alvarez-Fanijul et al., 2001) and it is also mentioned by Mourre
et al. (2006), who found how the use of tide gauges lead to better global statistical
performance of high-frequency barotropic models.

Data sampling can vary from 10 to 60 min (multiples of 10), and latency required
can be of several hours. Automatic quality control of data in near-real time was im-
plemented for this ENSURF-IBIROOS component, to avoid wrong values to enter MA-
TROOS and affect models calibration and BMA results. Time needs to be Universal
Time. As it will be explained in next section, for each individual tide gauge entering EN-
SURF, at least one year of data is required for previous computation of the tide. This
will be needed to compute the total sea level provided by the system at a particular
harbour and also for the implementation of near-real time quality control of the obser-
vations. Sea level data from tide gauges have been kindly provided by the following
institutions: SHOM (France), POL (UK), SLEAC (Denmark), Marine Institute (Ireland),
Geographic Institute (Portugal) and Puertos del Estado (Spain).
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2.2 Tide, bias and datum correction

Several facts difficult the immediate comparison between different sea level forecasts
and observations, which imply the need of making some decisions and pre-processing
before sea level data enter MATROOQOS tool:

— Some models provide total sea level (tide + meteorological + density effects) and
others just surge component (meteorological variations).

— Reference or datum of sea levels differ between models and data: models refer
their output to “mean sea level”, which in this case it is a spatial average that de-
pends on the model domain and the boundary conditions. “Mean sea level” from
a tide gauge station is a temporal and local (one point) average, so it depends
on the period of data and the station position. To further complicate things, ob-
servations of sea level from tide gauges are normally referred to the “harbour” or
“chart” datum, i.e., close to the Lowest Astronomical Tide, not to mean sea level.

— When the model includes the tide, this differs from the one obtained from obser-
vations as models use just a few set of harmonics, and not all the models use
the same set. The most precise tide at a particular harbour comes from harmonic
analysis of tide gauge observations.

One of the consequences of this is that all the models present significant bias with
respect to sea level observations, both in surge and total sea level (Fig. 5), as well
as differences in the tide and reference. In order to minimize the bias problem during
the period of ECOOP project, and facilitate the visualization and comparison within
MATROQOS tool, this bias was computed for all the sources and stations based on two
months of data previous to the Target Operational Period (TOP) of ECOOP project,
which started on January 2009, and then it was applied operationally to the sources
before integration into the system. This was not needed obviously for Nivmar, as the
bias is already corrected in this case by the use of tide gauge data in near-real time.
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Differences in the tide, on the other hand, have been solved within MATROOQOS in the
following way:

— For models providing just total sea level: harmonic analysis is performed to one
year of model output (for all the grid points (Fig. 6) and at the tide gauge points
(Fig. 7)). From the obtained harmonic constants, the tide (Model Tide) can be
computed and the surge component (total — tide) of the forecast extracted from:

Forecasted surge = Forecasted Total Sea Level — Model Tide

— A harmonic analysis is also performed to one year of tide gauge observations
with the same software (to avoid any differences due to the number and set of
constituents used), in order to compute, in the same way:

Observed surge = Observed Total Sea Level — Observations Tide

— Finally, the total sea level forecasted by the ENSURF system for a particular
source will be the result of the Tide obtained from the observations and the Fore-
casted surge:

Total Sea Level ENSURF = Forecasted Surge + Observations Tide

One of the advantages of this need of pre-computing and extracting the tide from the
models that provide total sea level is that it has allowed the detection of problems in the
introduction of the tide in some of the sources, which after harmonic analysis and tide
extraction showed large and irregular oscillations on the residuals. On the contrary, a
normal appearance of the model surge component implies the good quality of the tide
of the model (Fig. 7). For this task we have used the Foreman harmonic analysis and
prediction software (Foreman, 1977).
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3 Bayesian Model Average (BMA) technique

One of the advantages of multi-model systems is that provide the opportunity of im-
proving individual forecasts by means of statistical techniques, such as the Bayesian
Model Average (BMA), which was for the first time employed in social and health sci-
ences, and later applied to dynamical weather forecasting models by Raftery in 2005
(Raftery et al., 2005). In 2008 the technique was implemented for forecasting sea level
at stations along the Dutch coast line, making use of six different forecasts from the
NOOS region (Beckers et al., 2008).

As one of the main objectives of ENSURF, we will present later the validation results
of several implementations of the BMA for the IBIROOS and Western Mediterranean
regions, as compared with the validation of the existing independent sources. The
BMA will also provide a statistical forecast including confidence intervals.

3.1 Description of the technique

When selecting a particular model for prediction there is always a source of uncer-
tainty that is normally ignored and then underestimated. The Bayesian Model Average
(Leamer, 1978; Kass and Raftery, 1995; Hoeting et al., 1999) solves this problem by
conditioning, not on a single “best” model, but on an ensemble of models, becoming
a standard method for combining predictive distributions from different sources. Our
uncertainty about the best of these sources is quantified by the BMA.

It is important to stress that the dominant approach to probabilistic weather forecast-
ing has been the use of ensembles in which a model is run several times with different
initial conditions or model physics (Leith, 1974; Toth and Kalnay, 1993; Molteni et al.,
1996; Hamill et al., 2000). In our case, the approach is slightly different as we make
use of existing operational systems based on different models and even physics, and
of course more limited in the number of members.

The basic idea is to generate an overall forecast probability density function (PDF)
by means of a weighted average of PDF’s centered on the individual bias-corrected
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forecasts; the mean of this total PDF is expected to have a smaller root mean square
(RMS) error than those of the different models, i.e. there should be an improvement of
the performance with respect to those of the individual forecasts (Fig. 8). The weights
used on this average represent the probability that a particular model will give the
correct forecast PDF, and this is determined and updated operationally based on the
performance of the models during a recent training period. This implies the technique
needs the availability of sea level data from tide gauges in near-real time, as it has
been mentioned before. Moreover, the overall PDF, being reasonably well-calibrated,
allows providing a forecast confidence interval, which is important for many practical
applications. Of course, the BMA weights can also be used to assess the usefulness
of ensemble members and for their selection.

The variance of the total PDF is the result of two components: the first one associ-
ated to the spread of the ensemble members, the second one to the variance of the
individual model forecast PDF’s. This latter component should also be determined over
a training period, which can be different from the training period mentioned earlier, al-
though in ENSURF the same training period is used to determine the BMA weight and
the variance of the individual models.

The computation of the optimal BMA forecast PDF is done by means of the EM algo-
rithm, an iterative algorithm that alternates between two steps, the E (or expectation)
step and the M (or maximization) step:

1. The E-step starts from an initial guess for the weights w(k) of each individual
model and estimation of the matrix z(k, s,t), which represents the probability that
model k gives the best forecast for station s at time t:

_w(k)g(ks.ty”
- wligli.s.b)

Z/(k,s,t) (1)

Where j refers to the j-th iteration of the algorithm, and g() represents the prob-
ability that the observed value obs(s,t) was predicted correctly by model k, i.e.,
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the forecast PDF of each model which is assumed to be a normal distribution with
variance o(k):

()

gk, 5.t = o(k) exp ((obs(s, t)—forecast(k, s, z‘)))

VT 20(k)?

2. The M-step consists then on the determination of weights w(k) and variances
o(k) of each of the models (k), based on the values of z(k,s,1):

. 1 .
w! (k) = - Z Zl(k,s,t) 3)
o (k)? = % > D Z/(k,s,t)(0bs(s, 1) - forecast(k, 5. 1))? 4)

st ok

Where n is the number of observations in the training period.

These two steps are repeated until convergence by using a convergence criterium or
by fixing the number of iteration cycles that should guarantee convergence. Beckers
found that 10 iterations are normally sufficient. In ENSURF implementation, being an
operational application, weights and variances from the previous time step are used
as a starting point for the new iteration. Once the convergence is reached, the overall
forecast mean for each of the stations can be computed from:

forecast(overall,s,t_fc) = z w(k)forecast(k,s,t_fc) (5)
K

And the overall forecast confidence intervals can then be obtained by integrating the
weighted sum of the individual forecast PDFs.
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3.2 BMA experiments for ENSURF-IBIROOS

We have implemented several BMA’s making use of the existing capability of Matroos
visualization tool. The BMA is applied to the surge component of sea level forecast
and this is done basically because this component can be approximated by a normal
distribution to a reasonable degree of accuracy, which is not the case for total sea level
including tides, especially for strong semidiurnal tidal regimes. This is the reason why
all the validation results at the end of this section refer to the surge or meteorologi-
cal component. The total sea level forecast is nevertheless available operationally in
ENSURF as we add the tide computed from tide gauge data to the different forecasts,
including the BMA, as we explained in previous section (Fig. 2).

As it has been mentioned, the implementation of ENSURF for IBIROOS and the
Western Mediterranean represents the first activity of operational multi-model forecast
in the region, so several experiments were performed during the development of the
system. In many cases, some of the sources available had not been particularly val-
idated with respect to sea level, as their initial objective was general ocean forecast
including parameters such as currents, temperature or salinity. In these cases, EN-
SURF has allowed the detection of important problems sometimes related to the tide
of the model, others to the boundary conditions or to the re-initialization scheme; all
these problems leave its clue in the sea level time series. As a consequence of this sit-
uation, those sources which presented lower Correlation Index with observations were
not included in the BMA implementations of ENSURF. Several institutions are still work-
ing on the improvement of some aspects of the models that hopefully will provide better
forecasts of sea level in the near future. Such is the case of MeteoGalicia (Spain) or
Marine Institute (Ireland).

So the following initial BMA’s were implemented in the region, taking into account
the reliable sources available and their common domains (we will distinguish between
Atlantic and Western Mediterranean coast):
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Atlantic: available sources: nivmar, eseoat, imi, metfr (3 sources) and metga. In
this case, we have output from two baroclinic sources, eseoat and imi. Four BMA’s
were implemented avoiding metga and imi sources, due to their low Correlation Index.
A maximum number of 5 sources is available (TP being the Training Period):

— BMAQO: eseoat and nivmar, TP = 15 days

— BMAL_ibi1: eseoat, nivmar, metfr (3 sources), TP =7 days
— BMAL_ibi2: eseoat, nivmar, metfr (3 sources), TP =4 days
— BMAL_ibi3: eseoat, nivmar, metfr (3 sources), TP = 15 days

Mediterranean: available sources: nivmar and metfr (3 sources). In the Mediter-
ranean the four sources are barotropic. We used all the sources available, 4 in total,
for the BMA implementation, changing also the TP, as in the Atlantic coast:

— BMA_med1: nivmar, metfr (3 sources), TP =7 days
— BMA_med2: nivmar, metfr (3 sources), TP =4 days
— BMA_med2: nivmar, metfr (3 sources), TP = 15 days

The BMA was implemented at particular stations or harbours, that were selected based
on the availability of enough sea level forecasts or sources, and automatic near-real
time quality control of tide gauge data (Fig. 9). At the present stage of ENSURF imple-
mentation, there are still several harbours where only one forecast exists. On the other
hand, the quality control procedure was at the moment of starting this work only applied
for Puertos del Estado tide gauges or REDMAR network (Pérez et al., 2008). This soft-
ware is currently being extended to all IBIROOS stations within MyOcean project, and
will be applied by Puertos del Estado also for other Mediterranean stations included in
ENSUREF in the future. All the BMA’s were in operation during ECOOP Training Oper-
ational Period (TOP). Results of the validation of all the sources and the BMA’s will be
shown in next section.
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It should be kept in mind that both observations and forecast data may not be com-
plete, so the BMA allows dealing with missing data, and a weight w(k) and a sigma(k)
will be determined as long as there is at least one forecast-observation combination
in the training period. This may lead to problems with the BMA, difficult to avoid. On
the other hand, taking into account the problem of the bias between models and ob-
servations previously mentioned, the technique is implemented in ENSURF with a bias
correction, which in fact improves greatly the results and makes the BMA reasonable,
independently of this difference.

4 Validation results

Basic statistic parameters (Root Mean Square Error: RMSE, Correlation Index: ClI,
Maximum Error: RMAX and Mean difference: Bias) were computed from the com-
parison between the different models and the tide gauge observations, including the
different BMAs, which have been treated here as additional sources, for the period
September 2008 to December 2009. In order to synthesize all the data, we have aver-
aged and plotted the Cl and RMSE parameters of all the stations and sources on the
Iberian Atlantic coast and on the Mediterranean coast (Figs. 10 and 11, respectively).
In the following sections we will point to different aspects of the conclusions from these
first validation results.

4.1 Barotropic vs. baroclinic sources

One of the first objectives of the validation, before checking the performance of the
BMA, was comparing the output of baroclinic general circulation models operational in
the region, with the standard storm surge applications based on barotropic, vertically-
integrated models. This is a test that at the moment of writing this paper was only
possible on the Atlantic facade.
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Figure 12 shows the RMSE and CI of several sources for Bilbao station (North of
Spain), with respect to tide gauge observations. Best performance is found for nivmar,
what is not strange as it is the only source that automatically and dynamically corrects
the bias based on the observations. However, the interesting thing is that Meteo-France
forecasts (mf-aladin, mf-arpege, and mf-ecmwf), also barotropic but without tide gauge
data assimilation, get better statistical results than the baroclinic forecasts from eseoat
and imi. This is something that happens often at the stations of the Atlantic coast,
and which is an important and interesting conclusion about the capability of baroclinic
models to reproduce correctly sea level variations; averaged statistical parameters for
all the Atlantic stations (Fig. 10) confirm this point. Also from Fig. 10, some problems
become evident with sources imi and specially metga_sm, which show poorer statistics,
the reason why they were not used for the BMA implementation; institutions responsible
for these systems are investigating the causes. On the other hand, eseoat shows a
relatively good performance, taking into account that it does not make use of tide gauge
data, although not enough to improve the results of the barotropic sources. This is
also an even more interesting result if we take into account that meteorological forcing
resolution for eseoat is comparable to the ones of the barotropic sources (two of the
metfr sources in fact have coarser resolution) and that horizontal resolution of eseoat
ocean model is higher (3’ facing the 10" x 15" resolution of nivmar and 5" of metfr).

4.2 General performance of the BMA’s

If we pay attention now to the capability of the BMA’s implemented to outperform the
individual forecasts, it can be seen from Fig. 10 that this is in general the case for the
Atlantic coast, with higher Cl and lower RMSE for practically all of the BMA’s, but more
clearly for bma_ibi2, the one with 4 days of training period; the best source is nivmar.
Nevertheless, the differences between these values of Cl and RMSE are sometimes
very small, and probably not statistically significant.

Results for the Mediterranean are presented in Fig. 11. In this case there were
no baroclinic sources available in ENSURF at the moment of writing this paper.
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Nevertheless it can be said that the BMA’s do not improve the results of nivmar so
clearly now, being only bma_med2 with 4 days of training period the one showing a
slight improvement; on the other hand, Meteo-France results are poorer than in the
Atlantic. One possible reason for the latter is the presence of a boundary on Me-
teoFrance model domain around Sardinia and Corsica, which disturbs the results at
these stations; taking into account the experience with nivmar system, we think the
Mediterranean sea should be completely covered by the model domain.

It can be said that generally all the BMA’s present very good results in the Atlantic,
improving the performance of the best of the sources, and that this is not always the
case in the Mediterranean. It is important to clarify that these are mean statistic pa-
rameters, and that results can differ slightly depending on the station and the period of
data.

4.3 Influence of the data period on validation results

In order to determine the influence of the data period used for the validation, and tak-
ing into account the existence of months with very low storm activity in the initial period
September 2008 to December 2009, we performed the computation of statistical pa-
rameters for other periods. We selected for the Atlantic stations the stormy season of
January to February 2009, where most of the largest surge events since the implemen-
tation of ENSURF were present (see example of results for the two periods at Gijon
station, Table 2).

The first evident result is that all the sources show an improvement of their statistical
validation parameters, especially significant for those performing worse for the previous
period, such as imi or metga_sm. One possible explanation for this could be the prox-
imity in time to the period used for adjustment of the bias; in fact most of the sources
present a drift along the months with respect to observations. Some institutions are
investigating the reason for this drift; an interesting point is that, although easy to un-
derstand that barotropic models do not include all low frequency variations of sea level,

780

OosD

8, 761-800, 2011

ENSURF: multi-model
sea level forecast

B. Pérez et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-print.pdf
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

especially those related to steric effects, these should be present in baroclinic sources
such as eseoat and imi that should include any kind of forcing for sea level variabil-
ity. This problem may indicate that it is necessary to implement an operational bias
correction based on observations, as nivmar does, for the rest of sea level forecasts.

Another important point is that the BMA’s, that improved the statistic parameters
in practically all the stations in the Atlantic for the initial period September 2008 to
December 2009, only get this improvement for the 50% of the stations (Gijon, Bonanza,
Huelva and Vigo), when limiting the period of study to January—February 2009. In the
rest of stations (Bilbao, Santander, Coruna and Vilagarcia) nivmar gets the best results.
This is in some sense a strange result, as it seems the BMA it is working now with in
principle “better” models, at least during these two months, if we take into account the
explanation above.

However, when repeating the validation analysis for a different stormy period, from
mid-November 2009 to January 2010, further away from the bias correction months, the
BMA performs better than for the whole period, especially in the Mediterranean, where
the BMA shows a larger improvement with respect to “nivmar”, something contradictory
with the first result.

So as a general conclusion, results are better for the individual sources when select-
ing a shorter period for validation, and BMA gets better performance when using the
whole period of data of one year or more, or the last months of this period, farther away
from the bias correction. From this we can conclude that statistical results depend not
only on the period of data being stormy or not, but probably also on other problems
such as gaps in the sources or observations, which will vary for different periods, as
well as on the presence of malfunction on the tide gauges. The latter is something that
is minimized in this study, as a delayed quality control was applied in some way to data
stored in Matroos data base, but that it is difficult to avoid in the operational mode, even
with near-real time quality control procedures, as these are never perfect and able to
deal with all kinds of malfunction.
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4.4 Performance during the peak of a storm

The results presented up to now represent average statistic parameters, obtained from
a relative long period of data, and so they reflect the general behaviour of the models
and the BMA for all meteorological conditions. However, the objective of a good sea
level forecast should be an adequate simulation of the peak of a storm. Figure 12
shows the forecasts for the largest storm of the period of study, at Bilbao station. As
we pretend to check the improvement of the BMA, for the sake of simplicity we show
just the output from nivmar and eseoat sources, as well as the output of the three
different BMA’s with different training periods.

It can be seen that the peak of the storm is better reproduced by nivmar source, and
that in this case, the BMA’s available do not improve the forecast, although they do
better than eseoat in any case. This is an important result that should be explored in
detail. We also see at this particular harbour that the BMA which gets closer to the peak
is bma_ibi1, with 15 days of training period, although this can be different at another
harbour. In fact, if we have a look to the statistical parameters for the whole period for
Bilbao, we see that these are better for a training period of 4 days (bma_ibi2). This is
contradictory with what it is expected and with results for the North Sea (Beckers et al.,
2008), where peaks were reproduced better with shorter training periods.

It is also remarkable the reasonably good forecast of nivmar of the peak of the storm.
One possible explanation for this is the adequate representation of the continental plat-
form, very narrow here, for the nivmar system: it was manually and carefully corrected
before final implementation. This is something that was not done in the rest of the
sources, not so focused on sea level, such as eseoat.

It seems, in any case, that a better determination of the BMA weights and parame-
ters may be needed for an adequate forecast of extreme events. Beckers et al. (2008)
suggest already this idea and propose to determine these weights based on the per-
formance of the models during extreme meteorological conditions instead of during a
recent training period.
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5 Conclusions and future work

ENSURF has proved its utility as a validation and multi-model forecast tool, and has
become the first experience of exchange of operational forecasts for the IBIROOS and
Western Mediterranean regions. It has allowed the detection of problems on existing
operational models that had not been previously well calibrated with respect to sea
level observations, and for the first time a better statistical forecast is feasible based
on existing operational systems and is already implemented and operational for sea
level in the NOOS and IBIROOS regions. Extension to other parameters and regions
is possible and easy.

First validation results of the surge component, based on the comparison between
tide gauge data and the forecasts at the harbours show that, at least for the IBIROOS
region, baroclinic models do not reach the good performance of barotropic models for
storm surge applications and that there is a general improvement of performance of
the BMA forecast, more clear in the Atlantic stations. This improvement becomes less
evident if we change the data period and concentrate on the stormy season and there
is some difficulty of the BMA to reproduce the peak of the storm, as compared to nivmar
source, for example.

On the other hand, availability of near-real time data from tide gauges, with automatic
quality control to avoid wrong data to enter the system, becomes one of the main
conditions to provide accurate forecasts of sea level at the harbours and of course for
the implementation of the BMA technique.

Future work will focus on the addition of new sources and extension to the whole
Mediterranean, the more relevant and urgent ones being the operational forecasting
systems established within MyOcean project for IBIROOS and MOON. Within the same
project, the automatic quality control of tide gauge data will be applied to the rest of
sea level stations in Europe, what will allow completing the BMA implementation and
validation for other countries contributing to ENSURF. Finally a detailed study of the
influence of the training period in the BMA performance or the extension to 2-D fields
should be the goal in the near future.
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Table 1. Sources or models contributing to ENSURF-IBIROOS. Name of the sources are the

ones used within Matroos visualization tool.

osD

8, 761-800, 2011

ENSURF: multi-model
sea level forecast

B. Pérez et al.

Institution Country  Source/model Output
. Nivmar: Hamsom model Surge and total sea level

OPPE Spain - (parotropic) including tide

gauge data assimilation

Eseoat: Polcoms model (baro- Total sea level

clinic)

Metfr_arpege: barotropic, met Surge
Meteo-France  France _forcing 0.25

Metfr_aladin: barotropic, met Surge

forcing 0.1°

Metfr_ecmwf: barotropic, met Surge

forcing 0.5°
Marine Institute Ireland  Imi: ROMS model (baroclinic) Total sea level
MeteoGalicia Spain Metga_sm: Mohid model Surge

(barotropic)
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Table 2. Statistical parameters of the validation for the different sources at Gijon station (North
Spain), for the whole period and for just the stormy months of January and February 2009.

Data of RMSE in meters.
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Gijon station

Sep 2008-Dec 2009

Jan 2009-Feb 2009

Source RMSE (m) C.L RMSE (m) C.L
Nivmar 0.042 0.94 0.042 0.96
Eseoat 0.055 0.90 0.047 0.95
Mf-aladin 0.072 0.83 0.047 0.96
Mf-arpege 0.072 0.83 0.046 0.96
Mf-ecmwf 0.071 0.83 0.045 0.96
Metga_sm 0.080 0.74 0.045 0.96
Imi 0.102 0.58 0.052 0.97
BMA 0.036 0.96 0.038 0.97
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Fig. 2. ENSURF IBIROOS portal: http://ensurfibi.puertos.es. It allows the display of the fore-
cast including the BMA confidence interval or the verification with tide gauge data. The figure
shows an example of forecast for Bilbao station, both for total and meteorological sea level.
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Fig. 4. Domains of the sources available for the ENSURF-IBIROOS component. Nivmar covers
the whole Mediterranean sea, but only results at Western Mediterranean are presented.
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Fig. 5. Example of bias between Marine Institute of Ireland (imi source) forecast and tide gauge

observations at Wexford harbour (ENSURF-IBIROOS).
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MI surge output at Brest station
06-03-2008 to 07-10-2008 (8 months)
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Fig. 7. Surge component of “imi” source (Marine Institute) at Brest tide gauge, after tide extrac-
tion. The normal appearance of the surge from the model (no spikes or reference changes or
tidal oscillations), allows to confirm the correct introduction of the tide in the model. This was
not always the case during ENSURF development.
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Fig. 8. Left: individual and overall pdf’s for a single 24 h forecast (27 October 2006 13:00,
Delfzjil), based on 6 models for the North Sea component of ENSURF. The 80% confidence
interval is marked on dark blue, the actual observed values was 1.87 m (blue), within the confi-
dence interval. Right: results for the BMA and the individual forecasts for the period 2003—2006

(6 stations) (extracted from Beckers et al., 2008).
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Fig. 9. Stations for which the BMA was implemented (white
IBIROOS implementation, based on the availability of quality control of tide gauge data in

near-real time, and more than two sources of forecast.
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Fig. 10. Mean ClI (Correlation Index) and RMSE (Root Mean Square Error) for the sources and

stations of the Iberian Atlantic coast (September 2008 to December 2009).

Printer-friendly Version

Interactive Discussion

() ®

uI
| I

798


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-print.pdf
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

ENSURF-BIROOS Validation Statistics: Mean Cl and RMSE
(m) for Mediterranean stations
Sept 2008 - Dec 2009

OCI @ RMSE

Fig. 11. Mean CI (Correlation Index) and RMSE (Root Mean Square Error) for the sources and
stations of the Mediterranean coast (September 2008 to December 2009).

799

osD

8, 761-800, 2011

ENSURF: multi-model
sea level forecast

B. Pérez et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-print.pdf
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

osD

8, 761-800, 2011

ENSURF: multi-model
sea level forecast

oy B. Pérez et al.

% Title Page ‘
Model RMSE  Cl S
s - Abstract Introduction
- Nivmar 0.041 0.96
03 Eseoat 0.062 0.91 Conclusions [l References
| 2009-01-47 00Z00:00 Unkil 20080131 0000500 BT ‘ Mf-aladin 0.049 0.95
_0'20:00 00300 00300 0000 0000 0000 00200 00100 Mf-arpege 0049 095 Tables Figures

17 Jan 2009 19 Jan 2009 21 Jan 2009 23 Jan 2009 25 Jan 2009 27 Jan 2009 28 Jan 2009 31 Jan 2009

Mf-ecmwf  0.050 0.95
" s oo Imi 0.054 0.95

_arpege I 20030131 0000

& Bilbao  waterleve
== Bilbao : wrterlevel cur
— Bilbao 1 wrberLeus
|— Bilbao @ waterleue:

EEs i
PR
RN

Fig. 12. Comparison of baroclinic models (eseoat and imi) and barotropic ones (nivmar and
metfr models) for the stormy period January—February 2009 at Bilbao station. Blue colour in
the table (right) used for the sources with better statistical parameters. (Data in meters, RMSE:
root mean square error, Cl: Correlation Index). Full Screen / Esc

Back Close

Printer-friendly Version

Interactive Discussion

() ®

uI
| I

800


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-print.pdf
http://www.ocean-sci-discuss.net/8/761/2011/osd-8-761-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

