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Figura 9-4 Mappa batimetrica del bacino di evoluzione del Molo VII redatta da OGS per I’AdSP Mar
Adriatico Orientale nel 2019
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Figura 9-5 Planimetria stato dei luoghi con isobate passo 0.5 m redatta da Subsea Fenix per conto di
Prisma Srl, allinterno del "Rilievo e monitoraggio dello stato di conservazione delle banchine dell'area marina e costiera
di competenza dell'Autorita di Sistema Portuale del Mare Adriatico Orientale” nel Marzo 2021
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Infine, si evidenzia che € ancora oggi visibile la depressione creatasi intorno al relitto della
nave Wien che, nel 1917, durante la I Guerra Mondiale, venne affondata a meno di mezzo miglio
di distanza dalla Ferriera di Servola, ad una profondita di circa 20 m. Nel 1925 vennero recuperati
alcuni pezzi della nave, ma la demolizione del relitto prosegui fino agli anni '50, quando fu
utilizzato anche I'esplosivo per il recupero. Questa circostanza € un’ulteriore dimostrazione di
come il trasporto e I'accumulo di sedimenti nel tempo in questa area risulti assai modesto.

9.4 Considerazioni finali sulla sedimentazione nel bacino portuale

L'analisi sopra descritta permette di concludere che i fenomeni di risospensione dei sedimenti e di
successivo deposito degli stessi all'interno dell’area portuale, ed in particolare nell'intorno della
porzione di fondale per la quale € previsto I'escavo nell’ambito del progetto siano da considerarsi
trascurabili.

Una movimentazione locale e difficilmente predicibile potrebbe tuttavia essere indotta dalle
eliche delle navi in evoluzione / accosto o che attraversano il bacino portuale. Si suggerisce
pertanto un periodico monitoraggio delle quote del fondale finalizzato alla manutenzione ottimale
dei fondali nelle aree interessate dai lavori di escavo.
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10 CONCLUSIONI

All'interno del Porto di Trieste & prevista, in corrispondenza della Piattaforma Logistica PLT,
un’espansione verso mare delle infrastrutture a servizio del porto mediante la realizzazione di un
molo fondato su pali, ai quali sara affidata la funzione di sostenere I'impalcato del nuovo Terminal,
comprensivo del nuovo fronte banchinato a Nord-Ovest, lungo il quale & previsto I'ormeggio di
navi di piu grandi dimensioni, tali da richiedere I’'escavo dei fondali.

Un team di progettazione multidisciplinare ha sviluppato il progetto integrato relativo alla
nuova opera marittima e alle annesse infrastrutture stradali e ferroviarie, secondo una
pianificazione che si sviluppa su piu fasi successive. Nell’'ambito di questo ampio progetto € inserito
lo Studio di Impatto Ambientale che deve comprendere, tra i vari studi specialistici, I'analisi degli
effetti, sia in fase di cantiere che di esercizio, della realizzazione della nuova opera
sull'idrodinamica e la qualita delle acque nella baia di Muggia; le attivita sono state sviluppate
mediante I'applicazione di opportuna modellistica numerica.

La prima fase e stata dedicata alla raccolta ed analisi dei dati disponibili per la
caratterizzazione del sito: dati batimetrici e granulometrici, dati di circolazione generale del Golfo
di Trieste, condizioni di marea, condizioni atmosferiche e di moto ondoso, nonché individuazione
dei corsi d’acqua che sfociano nel bacino portuale e degli habitat marini sensibili presenti.

Successivamente, €& stato implementato il modello idrodinamico MIKE 3 HD -
Hydrodynamics, annidato al modello di larga scala Mediterranean Sea Physics Reanalysis
disponibile nell'ambito del Servizio Europeo CMEMS. L’applicazione di questo modello
tridimensionale ad alta risoluzione ha permesso di ricavare i campi di corrente, temperatura,
salinita e livelli su una finestra temporale di un anno (Settembre 2014 - Settembre 2015). II
periodo di simulazione ¢ stato selezionato in funzione della disponibilita di campagne di misura di
temperatura e salinita lungo la colonna d’acqua, disponibili per alcuni punti all’interno del bacino
di Muggia e messi a disposizione da parte di OGS - Istituto Nazionale di Oceanografia e di Geofisica
Sperimentale (campagne di Settembre 2014, Gennaio e Marzo 2015); tali dati sono stati anche
utilizzati per la validazione del modello. Il modello ha mostrato un‘idrodinamica molto variabile
lungo la colonna d’acqua: in superficie le correnti prevalenti (piu intense e frequenti) sono dirette
verso Sud-Ovest, mentre al fondo hanno una direzione prevalente opposta. In superficie le
velocita sono mediamente piu elevate, dell’'ordine di circa 5 cm/s, rispetto al fondo, dove le
correnti hanno intensita medie di 2 cm/s.

Si evidenzia che per la ricostruzione della circolazione all’interno del porto di Trieste si &
ritenuto trascurabile il contributo dato dalle onde sull’idrodinamica costiera. Questa assunzione &
stata opportunamente verificata mediante un preliminare studio di propagazione delle onde da
largo verso l'interno della baia e da una successiva analisi delle condizioni idrodinamiche generate
da eventi rappresentativi per il sito in studio.

Il modello idrodinamico & stato successivamente dinamicamente accoppiato a due distinte
tipologie di modello: MIKE 3 AD - Advection-Dispersion, il modello che permette di calcolare
I’evoluzione di un ipotetico tracciante per avvezione-dispersione, ed il modello MIKE 3 MT - Mud
Transport, per lo studio del trasporto, dispersione e sedimentazione dei sedimenti fini.
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Questi modelli sono stati applicati seguendo un approccio a “finestre mobili”, in piena
conformita alle indicazioni riportate nelle linee guida ISPRA di settore. Questa metodologia
consiste nellimplementare un alto numero di simulazioni di trasporto, che coprono un periodo di
tempo inferiore all’'anno e che vengono replicate piu volte, in maniera tra loro indipendente, in
modo da coprire l'intero periodo preso a riferimento per le condizioni idrodinamiche di circolazione.

Il modello MIKE 3 AD ¢ stato applicato per la valutazione dell'impatto della presenza della
nuova infrastruttura sullidrodinamica della baia (fase di esercizo). L'approccio seguito & stato
quello di imporre in uno specifico volume di controllo una concentrazione di un ipotetico tracciante
pari @ 100 e di simularne i tempi di abbattimento, sia nella configurazione attuale (assenza dei
pali di fondazione della nuova infrastruttura) che in quella di progetto (presenza dei suddetti pali).
Come volumi di controllo sono stati considerati sia l'intera baia di Muggia, sia il solo bacino
dell’Arsenale S. Marco e dello Scalo Legnami, posto a Nord del futuro Molo VIII, la cui idrodinamica
sara maggiormente interessata dalla presenza della nuova infrastruttura. Questa applicazione ha
consentito di ottenere le “curve di ricambio idrico”, ossia curve che indicano la percentuale di
volume d’acqua che viene ricambiato nel tempo. Il confronto di queste curve, ottenute in presenza
ed in assenza dei pali, hanno permesso di valutare I'entita dell'impatto dell’'opera sulla circolazione
ed il ricambio idrico. Per questo studio si & fatto riferimento a due periodi idrodinamici reali medio-
lunghi pari a 30 giorni, uno rappresentativo del periodo invernale (elevato idrodinamismo e
colonna d’acqua completamente rimescolata) ed uno rappresentativo del periodo estivo (scarso
idrodinamismo e significativa stratificazione termica della colonna d’acqua). I periodi sono stati
selezionati sulla base di un’analisi anemometrica, mantenendo come anno di riferimento quello
simulato in precedenza con il modello idrodinamico (Settembre 2014 - Settembre 2015). II
modello di avvezione-dispersione & stato dinamicamente accoppiato al modello idrodinamico
secondo un approccio a “finestre mobili”, ossia simulazioni della durata di 15 giorni, ma sfasate
tra loro di 24 ore, al fine di coprire l'intero mese preso a riferimento.

I risultati hanno mostrato che le differenze tra lo stato attuale e quello di progetto sono assai
modeste: esse risultano del tutto trascurabili se si fa riferimento al ricambio idrico dell‘intera baia
per il mese estivo preso a riferimento. Le differenze risultano lievemente superiori, ma comunque
molto piccole, sempre inferiori al 3%, se si fa riferimento al bacino dell’Arsenale S. Marco e dello
Scalo Legnami (estate e inverno) o al ricambio idrico dell'intera baia per il mese invernale
considerato. E’ possibile pertanto affermare che la presenza dei pali di fondazione dell'impalcato
della nuova infrastruttura (stralcio del Molo VIII previsto dal Piano Regolatore Portuale) comporta
un impatto trascurabile sulla circolazione generale e, di conseguenza, sui tempi di ricambio dei
bacini interessati.

Per lo studio dellimpatto della nuova infrastruttura in fase di cantiere & stato applicato il
modello MIKE 3 MT, che ha permesso di quantificare I'incremento di torbidita delle acque marine
dovuto alle operazioni che prevedono la movimentazione dei sedimenti. Queste operazioni
possono essere distinte in due diverse fasi: quella di realizzazione dei pali, per la quale sono stati
simulati sia gli effetti dell’escavo all'interno delle “camicie” che ospiteranno i getti di calcestruzzo,
sia gli effetti del getto stesso, e quella di dragaggio della porzione di fondale, in corrispondenza
del nuovo fronte banchinato a Nord Ovest, dove ormeggeranno le navi di piu grandi dimensioni.

In virtu della prevista durata complessiva delle lavorazioni (circa 3 anni per la realizzazione
dei pali e circa 5 mesi per il dragaggio), il modello & stato implementato per un periodo piu breve,
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rappresentativo (secondo un approccio conservativo) di una fase delle lavorazioni durante la quale
la movimentazione dei sedimenti avverra nella zona pil prossima ai target ambientali (habitat
marini) e laddove l'idrodinamismo (e quindi la possibilita di maggiore dispersione del sedimento
movimentato) &€ maggiore. In particolare, sulla base delle informazioni operative fornite, sono
state assunte alcune ipotesi di lavoro che hanno portato alla determinazione del tasso di
produttivita (o rate di dragaggio) per entrambe le fasi di lavoro, nonché all'individuazione della
finestra temporale di riferimento pil opportuna in funzione delle lavorazioni previste (individuata
in 28 giorni per la fase di realizzazione dei pali e a 30 giorni per la fase di dragaggio).

Le simulazioni di trasporto di sedimento sono state dinamicamente accoppiate alla
simulazione idrodinamica realistica di lungo periodo (un anno) secondo l'approccio a “finestre
mobili”, ossia si & ipotizzato che le operazioni abbiano inizio il giorno 1 ed il giorno 15 di ogni
mese, in modalita separata, cosicché una simulazione non interferisca con la precedente e con la
successiva. I risultati, distinti per le diverse operazioni, sono stati ottenuti in termini di mappe
delle massime concentrazioni di sedimento sospeso in colonna d’acqua, di tempi di superamento

di una determinata soglia di concentrazione e di accumulo di sedimento al fondo.

Per quanto riguarda la fase di realizzazione dei pali, dal momento che l'escavo ed il
successivo getto di calcestruzzo avvengono all'interno delle “camicie” preventivamente infisse, si
€ ipotizzato che la fuoriuscita di sedimento avvenga solo in corrispondenza dello strato
superficiale. I risultati mettono pertanto in evidenza che in superficie il pennacchio di torbida € in
generale pilu esteso rispetto agli strati piu profondi della colonna d’acqua: mentre in superficie le
concentrazioni superano i 2 mg/l (concentrazione diffusamente considerata corrispondente ad
acqua limpida) all'interno del bacino portuale, senza comunque oltrepassare le dighe foranee, e
rimanendo piuttosto confinate nella zona centrale della baia, senza interessare la fascia costiera
a Sud, al fondo le concentrazioni sono superiori ai 2 mg/| solo nell'intorno dello scavo, fino ad una
distanza massima di circa 1 km. Come atteso, le concentrazioni di sedimento pilu elevate si hanno
nell'intorno del punto di rilascio dei sedimenti; allontanandosi, il pennacchio di sedimenti assume
una forma allungata in direzione Nord-Ovest Sud-Est, sequendo I'andamento delle correnti. Dal
punto di vista della persistenza, in superficie la concentrazione di 2 mg/| viene superata per piu
di 3 ore (sui 28 giorni simulati) nella zona centrale del bacino portuale, mentre al fondo, a parte
la zona interessata dalle operazioni, la persistenza & in generale inferiore alle 3 ore. L'area
interessata da questo deposito dei sedimenti rilasciati dalle operazioni di realizzazione dei pali
piuttosto modesta: un accumulo di sedimenti superiore a 0.5 mm si verifica in una zona con
estensione pari a circa 1000 m in direzione parallela a costa e pari a circa 500 m nella direzione
trasversale.

L'escavo del fondale in corrispondenza del nuovo fronte banchinato a Nord-Ovest verra
eseguito con draghe meccaniche con benne a tenuta, per cui la perdita di sedimento (ridotta
rispetto alle benne tradizionali ma qui comunque considerata cautelativamente pari al 3% del
volume dragato) avviene in maniera uniformemente distribuita lungo la colonna d’acqua. Questo
fa si che il pennacchio di sedimenti sospesi abbia, alle diverse profondita, una variabilita ridotta.
Si osserva perd che |'estensione del pennacchio e le concentrazioni sono piu elevate al fondo
rispetto alla superficie; questo perché, negli strati pit profondi, al materiale perso dalla benna in
risalita lungo la colonna d’acqua a quella specifica profondita, si aggiunge il materiale perso negli
strati sovrastanti, che progressivamente precipita verso il fondo. In superficie, le concentrazioni
superano i 2 mg/l solo all'interno del bacino portuale: il pennacchio delle concentrazioni massime
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lambisce le dighe foranee ad Ovest e la costa nelle altre direzioni. Al fondo questo pennacchio si
sviluppa maggiormente verso il largo; infatti, si riscontrano concentrazioni superiori ai 2 mg/I
anche poco oltre le dighe foranee. Come atteso, le concentrazioni massime pilu elevate si hanno
nell'intorno della zona dragata; allontanandosi dall’area delle lavorazioni il pennacchio di sedimenti
assume una forma allungata in direzione Nord-Ovest Sud-Est, seguendo |I'andamento delle
correnti. Dal punto di vista della persistenza, per la maggior parte del bacino la concentrazione di
2 mg/| viene superata per piu di 24 ore (sui 30 giorni simulati), ma al di fuori delle dighe foranee
la persistenza & al di sotto delle 3 ore. L'area interessata dal deposito dei sedimenti & anche in
questo caso piuttosto modesta: un accumulo di sedimenti superiore a 0.5 mm si verifica in una
zona con estensione pari a circa 1400 m in direzione parallela a costa e pari a circa 700 m nella
direzione trasversale.

I risultati del modello hanno permesso inoltre di affermare che le condizioni potenzialmente
piu svantaggiose per gli habitat marini si verificano quando, dopo un lungo periodo a basso
idrodinamismo, durante il quale i sedimenti che vengono messi in sospensione durante le
lavorazioni permangono pil a lungo in colonna d’acqua, si presenta una condizione che determina
un’accelerazione della corrente (tipicamente l'innesco di condizioni di vento intenso da Bora).
Questa condizione fa si che si crei una circolazione tale da trasportare verso la zona dove sono
localizzati gli habitat non solo i sedimenti messi in sospensione in quelle ore di lavorazione, ma
anche una parte di volume di sedimento non ancora completamente precipitato e ancora presente
in colonna d’acqua. Questa situazione, che & pertanto la pil svantaggiosa, porta comunque a
valori massimi di sedimento sospeso in corrispondenza degli habitat (in particolare nella zona ove
dovrebbe essere presente la pinna nobilis) molto bassi, pari a circa 3 mg/l e per un periodo di
tempo di poche ore. Si evidenzia che questa condizione si verifica solo durante la fase di escavo
dei fondali, in quanto durante la fase di realizzazione dei pali non si evidenzia in alcun modo un
effetto “cumulo” tra due cicli di lavoro successivi, debolmente presente, invece, per la fase di
escavo dei fondali.

I risultati mostrano pertanto che gli effetti derivanti dalla movimentazione di sedimenti in
fase di cantiere sono sostanzialmente trascurabili in corrispondenza degli habitat marini sensibili
presenti nella baia di Muggia e, piu in generale, nella porzione di Golfo di Trieste piu prossima al
porto. Il pennacchio di torbida non arriva a toccare le zone ad Ovest di Porto San Rocco, sia perché
questa fascia risulta protetta dalla presenza delle strutture del porto, sia perché, trovandosi in
prossimita della bocca Sud del bacino, essa & soggetta a correnti piu intense che pertanto
disperdono piu velocemente il sedimento.

I risultati della modellazione non suggeriscono pertanto la necessita di impiego di particolari
misure di mitigazione, quali le panne anti-torbidita, volte a contenere i sedimenti rilasciati in
colonna d’acqua durante le lavorazioni. Ove tale soluzione fosse comunque indicata dagli Enti ad
ulteriore cautela, anche in considerazione della classificazione del porto di Trieste come Sito di
Interesse Nazionale (SIN), si ritiene utile gia in questa sede suggerire I'impiego di panne anti-
torbidita limitate agli strati piu superficiali, in virtl sia delle ridotte concentrazioni di sedimento
attese, sia del basso livello di idrodinamismo che caratterizza la baia di Muggia con particolare
riferimento agli strati intermedi e profondi della colonna d’acqua.
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General description of the models’ chain

The models and datasets used for the development of the MWM database are:

the CFSR (Climate Forecast System Reanalysis) global re-analysis dataset, produced and freely
published by NCEP (National Centers for Environmental Prediction) (Saha et al, 2010;

), hourly (re-forecast) data with a
space resolution of 0.5°; these data are used as initial (IC) and boundary conditions (BC) of
the WRF-ARW model (below);

the atmospheric model WRF-ARW - version 3.4.1 (Weather Research and Forecast -
Advanced Research WRF), model developed by NCAR (National Center for Atmospheric
Research) (Skamarock and Klemp, 2007; Michalakes et al, 2001; Michalakes et al, 2005);
WRF-ARW is presently considered among the best state-of-the-art non-hydrostatic
meteorological models; it is supported by a massive worldwide community that contributes to
its local use and development (

the wave model MIKE 21 Spectral Waves (SW) developed by DHI (former Danish Hydraulic
Institute) (Sorensen, O.R., Kofoed-Hansen, H., Rugbjerg, M. and Sorensen, L.S., 2004). MIKE
21 SW is among the state of the art wave models, widely used in thousands of offshore and
coastal applications worldwide.

In the following a description of the CFSR dataset, the WRF-ARW and the MIKE 21 SW model is
given, with specific interest to the implementation adopted in MWM.

CFSR Dataset

The CFSR dataset (Fig. A.1) is the result of a long and complex process performed by NCEP, an
ensemble of nine weather prediction centers in the United States belonging to the NWS (National
Weather Service) of the NOAA (National Oceanic and Atmospheric Administration). The
simulation, completed in 2011, is based on a global atmospheric numerical model including
atmosphere-ocean and sea-ice couplings, with a systematic ingestion of both conventional (point)
and satellite observations with data assimilation procedures.

Figure A.1

The CFSR now covers a 35-year period from 1979 to 2013 (included) and is continuously updated
with new recent data. The simulations were performed as 9 hours forecast simulations, initialized
4 times a day (at 00:00, 06:00, 12:00 and 18:00) between the 6-hourly re-analysis frames. The
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results of these simulations, gathered in the CFSR dataset, consist in complete atmospheric data
over ocean and lands with a one hour time resolution and a 0.5° horizontal resolution, while the
vertical resolution changes greatly amongst the atmospheric variables, spanning from the single
surface value up to values at 64 different isobaric levels.

MWM dataset ingest the 6-hourly CFSR data, specifically the ds093.0 dataset.

Chawla et al (2013) presented a thorough analysis of the CFSR dataset against satellite and
oceanic buoys data. The final goal of that study is the use of the U1 wind data from the CFSR
dataset as the forcing term of WWIII to generate wave fields at global scale, without any
assimilation of wave data. The analysis of the CFSR dataset shown in that paper includes the
intrinsic performance of the model in terms of the seasonal and annual variability of the
percentiles. A moving average is applied to smooth the altimeter data from the satellites and from
the buoys. The normalized percentiles ("...normalized with the wind speeds at corresponding
percentiles from the altimeters") computed over the satellite tracks exhibit an oscillatory behavior,
never below 0.93 or 0.90 in the Northern and Southern hemisphere respectively. From that
analysis, the wind and wave CFSR and WWiIII data compare very well with satellite data in terms
of normalized percentiles. The Q-Q plots at selected offshore buoys are generally good or very
good, with some unexpected variations from case to case for some buoys close to the coast, with
even a contradictory behavior between U1 and Hsin some locations.

The analysis of the wind field of the CFSR dataset is far beyond the scope of the present work
but still some checks have been done in specific cases, like the event of November 1999 in Trieste
(Italy). The performance of a local area model is directly related to the information contained in
the global model used as boundary and initial conditions; Fig. A.2 after Contento et al (2014)
shows the wind speed for the case of November 1999 in Trieste (Northern Adriatic Sea - Italy);
the red dots are experimental data by NOAA
( );
the vyellow line corresponds to the re-analysis data CFSR d093.0 (Saha et al, 2010;
interpolated at the same position of
the station; the blue dots are related to a fully certified and verified measurement station of the
Regional Agency for the Environment Protection (ARPA FVG-OSMER,
) located few meters far from the station used by NOAA
( );
the cyan line corresponds to the present hindcast dataset (model WRF-ARW). It is rather evident
that the CFSR dataset ingests the experimental data from NOAA but there are some non-
negligible discrepancies between the two experimental datasets (private communication with
ARPA FVG-OSMER - Regional Agency for the Environment Protection — Friuli Venezia Giulia
Region, Italy). In this case the local model WRF-ARW is able to develop the local wind field and
matches correctly the measurement by ARPA, irrespective of the wrong assimilated data as BC
and IC; this, however, cannot be always guaranteed.
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Figure A.2 Comparison between measured wind speed at two ground neighbor (few meters from each
other) stations in Trieste (ltaly - Northern Adriatic Sea) from the database of NOAA
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)

( )
(red line) and from ARPA-FVG OSMER ( ) (blue line). Model
data from CFSR (Saha et al, 2010) (yellow line) and the present simulations with WRF-ARW (cyan
line) are overlapped.

The scope of these checks was solely to verify the sensitivity of the CFSR wind pattern to a
complex steep geographic area facing the sea. The eastern coast of the Adriatic Sea is just an
example among many others. The availability of certified wind data from the local Regional Agency

for the Environment Protection - Friuli Venezia Giulia (ARPA FVG-OSMER,
) related to ground stations and to a fixed station in the middle
of the Gulf of Trieste (Northern Adriatic Sea 1), helped a lot in

defining the set-up of the local area meteorological model. The aim of the set-up process was to
let the model WRF-ARW develop mesoscale and local weather structures, thus using a domain
large enough to develop these structures, but at the same time avoiding the use of too large a
domain that may lead to a model drift from the experimental data. These undesired effects were
observed along the entire Adriatic Sea, specifically on the eastern side (Contento et al, 2011;
Contento et al, 2014).

WRF-ARW meteorological model

The WRF model is an open source mesoscale to microscale atmospheric model developed by
the American atmospheric research center NCAR in cooperation with many other meteorological
institutions. It is largely used worldwide for both atmospheric research and forecast or hindcast
purposes due to its ability to perform atmospheric simulations over a wide range of length scales
spanning from less then 1 kilometer to thousands of kilometers. This flexibility is further increased
by its capability of performing two way coupled nested runs.

The WRF modelling system includes a pre-processor system (WPS), a data assimilation system
(WRF-DA) and the dynamic solver. During this work the ARW dynamic solver, developed and
maintained by the Mesoscale and Microscale Meteorology Division of NCAR, has been used. The
ARW dynamic core is a fully compressible and non-hydrostatic model, based on a terrain-following
hydrostatic pressure vertical coordinate system and on an Arakawa C-grid staggered evaluation
of the vector quantities. The solver uses high order time integration and 3-D advection schemes.

The WRF model works internally with NetCDF files, a self-describing and machine-independent
data format particularly suitable for the manipulation of long arrays of scientific data.

A WRF-ARW model run is a quite complex process, since it involves several different steps to be
run in a precise order. First of all, WRF requires boundary and initial conditions; these conditions
can be supplied by the GRIB files obtained from the CFSR dataset files described in CISL RDA:
NCEP Climate Forecast System Re-analysis (CFSR) 6-hourly Products, January 1979 to
December 2010 [Online] Available at

GRIB files needed to cover completely the whole simulated period must be fed to the model to
complete the simulation process successfully.

Moreover, since the atmosphere behaviour is strongly dependent on the soil characteristics,
detailed data about these characteristics must be fed to the model too in order to let it develop the
local weather phenomena correctly. However, there is no need to produce this type of data since
suitable 30" resolved geographic data are included in the default WRF pre-processing (WPS).
Since these data are time-independent they need to be downloaded only once, and they remain
valid for every simulation unlike the GRIB files. Actually, some of the parameters contained in the
geographic data cannot be considered as completely time-independent; in fact, some of the
parameters show a time dependence which, however, is limited to seasonal changes, e.g. the
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reduced vegetation cover in winter. The possible seasonal variability of the geographical
parameters is included in the geographical data archive of WPS.

A complete WRF-ARW simulation needs the WPS (WRF Pre-processor System) to be run before
the numerical solver (wrf.exe). The WPS pre-processor system deals with both the domain set-
up and the preliminary input manipulations; it is composed by three main executables carrying out
different tasks:

e geogrid.exe is responsible for the definition of the horizontal grid as well as for the interpolation
of the geographic data on the user-defined grid. When performing nested runs, the geogrid.exe
run produces a NetCDF file geo_em.dxx.nc containing the grid and geographic data for each
domain, where xx stands for the code of the domain (01, 02, ...).

e ungrib.exe is responsible for the decoding of the input GRIB files used as initial and boundary
conditions. The GRIB files, which need to be linked to the work directory of WPS by means of
the script link_grib.csh, are “ungribbed” and rewritten in an intermediate format suitable for
further manipulations, excluding all the fields not needed for the following model run.

e metgrid.exe is responsible for the horizontal interpolation of the intermediate input files
produced by ungrib.exe on the grid defined by geogrid.exe. Moreover, the geographic data
contained in the geo_em files are ingested by metgrid and written on its output files. The output
of metgrid.exe is in fact composed by the NetCDF files met em.dxx.YYYY-MM-
DD _HH:00:00.nc, each containing the interpolated boundary conditions and geographic data
for the xx domain and for every timestep of the supplied GRIB files. In the case considered, as
the CFSR dataset is composed of hourly data, the produced met_em files are hourly spaced
too.

The whole WPS process is controlled by a single external configuration file: namelist.wps, which
contains the user specified parameters defining the time length and the domain of the simulation
as well as the time and space resolutions.

An additional manipulation is needed before launching the actual solver: the NetCDF data
produced by metgrid.exe must be vertically interpolated onto the user- defined vertical levels of
the WRF simulation. This task is performed by the real.exe executable, which, despite actually
being a pre-processing routine, is not included in the WPS system. The real.exe run finally
produces the NetCDF files needed by the bare solver: wrfinput_dxx and wrfbdy_dxx, containing
respectively, for each of the nested domains under simulation, the initial condition inclusive of the
domain geographic data and the boundary conditions forcing the domain over time.

The last step of a WRF-ARW model simulation is the wrf.exe solver run which performs the
numerical integration and produces the final output files wrfout_dxx_YYYY-MM-DD_HH:MN:SS,
one for each simulated domain and for every temporal frame in the total simulated period. Each
wrfout file contains therefore the complete atmospheric variables set calculated by the ARW solver
for every point of the user defined simulation 3-D grid at a single temporal frame.

Both real.exe and wrf.exe are controlled by namelist.input, an external configuration file gathering
the user defined parameters regarding the vertical resolution of the simulation, the atmosphere
microphysical parameters and, again, the time / length scales and resolutions of the simulation.

A script that makes all steps involved automatic in a WRF-ARW simulation procedure, from the
set-up of the configuration files to the archiving of output files, was developed and tested
extensively.

The above depicted working scheme is summarized in Figure A.3:
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Figure A.3 Working scheme of the WRF-ARW model.

WRF-ARW domains, resolution, set-up in MWM

The preliminary set-up and tuning of the met-ocean models chain was performed simulating the
month of November 1999, chosen for the remarkable number of very intense storms occurred
over the Mediterranean Sea. The second step, before running the entire period 1979-2013, was
done simulating one complete year, from November 1999 to October 2000, relying on 41 ground
stations along the Mediterranean coast and 25 wave buoys for comparison. The results obtained
in these steps are summarized in Contento et al. (2014), Contento et al. (2012-2014) and Donatini
(2013).

The two-steps set-up started with the meteorological model WRF-ARW, adopting different
configurations (domain size, resolution, run length, spin-up time) and comparing the wind speed
and direction with observational data from ground stations. Since the CFSR (Saha et al, 2010) re-
analysis dataset reproduces large scale events correctly, after several tests the final decision was
to adopt three relatively small, overlapping domains, which cover respectively the Western,
Eastern and Central Mediterranean Sea (Fig. A.4). Hereafter these domains will be referred as
MEW, MEE and MEC respectively. The wind field obtained from the 3 domains was merged in a
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single dataset by a bi-linear interpolation on a Lat-Lon grid and by a linear blending of the results
inside the two overlapping zones (Fig. A.4).
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Figure A.4 WRF-ARW domains (red=domain MEW, yellow=domain MEC, blue=domain MEE) and
interpolation/blending domain (black line).

The horizontal resolution of WRF-ARW was set to 10.53 km, with a grid ratio to the CFSR re-
analysis data of 1:5 approximately. An additional domain (ITN) with a resolution of 3.51 km was
run over Northern Italy as a nested domain of MEC.

The time length of the model run, in terms of hours simulated continuously between two
consecutive model initializations with CFSR frames,proved to be among the most important
parameters that influence the quality of the results. Keeping a small run length reduces the risk of
model drift. On the other hand, shortening it excessively may lead to a too constrained behavior
of the model, which prevents the correct development of the mesoscale weather structures. The
problem of the model drift proved to be particularly tough over the Adriatic Sea where the
orography is rather complex and the North-Eastern wind (Bora) can occasionally reach the speed
of 150 km/h or more in very narrow zones.

A spin-up time window was used in order to let the model WRF-ARW ingest and process the
coarser initial conditions from CFSR, thus letting it evolve and develop local weather structures.
This spin-up window was overlapped with the tail of the previous run so that the data of the
simulation during the spin-up window were discarded. The time length of this overlapping window
is typically of few hours.

The Mediterranean Sea is a very complex basin from the meteorological point of view, with violent
storms usually characterized by a short duration. The two examples given below show the
importance of resolving the large space and time gradients of the variables.

Fig. A.5 shows a typical winter wind pattern (from the present simulations, 5 December 2009).
The well-known 3 major narrow gates of the “Bora” wind over the Adriatic Sea are well captured
by the model, i.e. Trieste (ltaly), Rijeka and Sibenik (Croatia). The reference distance of these
large variations is of 1° at most.
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Figure A.5 A typical winter wind pattern over the Mediterranean Sea (from the present simulations, 5
December 2009). The well-known 3 major narrow gates of the “Bora” wind over the Adriatic
Sea are well captured by the model, i.e. Trieste (Italy), Rijeka and Sibenik (Croatia). The
upper-right figure shows a zoom over the Northern part of the Adriatic Sea (Istria peninsula).

Fig. A.6 (Contento et al., 2011) shows the time series of the wind speed during a squall event
occurred on August 2008 in the Gulf of Trieste that caused the loss of two human lives and
damages in the main harbor. The squall lasted about 10 min reaching more than 20 m/s from an
almost calm situation. The red line corresponds to the results of the operational forecast
meteorological model WRF-ARW run at that time by some of the authors of this work for ARPA
FVG-OSMER, http://www.osmer.fvg.it/home.php. The black line corresponds to the measurement
at the station PALOMA (45° 37' 06” N, 13° 33' 55” E) [hiip.//www.ts.ismar.cnr.it/node/84]. The
station is a fixed pole in the middle of the Gulf of Trieste. The measured wind speed is 5 min
averaged with 5 min samples. The time step of the model is approximately 13 s. This situation is
not uncommon in the Adriatic zone, mostly during the summer, with violent fronts from North and
North-West then rotating to North-East.
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Figure A.6 Time series of the wind speed during a squall event occurred on August 2008 in the Gulf of
Trieste. The squall lasts about 10 min reaching over 20 m/s from an almost calm situation. The
red line corresponds to the results of the operational forecast meteorological model WRF-ARW.
The black line corresponds to the measurement at the measurements station PALOMA (45° 37'
06" N, 13° 33' 55" E) [http.//www.ts.ismar.cnr.it/node/84]. The measured wind speed is 5 min
averaged with 5 min samples. The time step of the model is approximately 13 s.
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MIKE 21 SW wave model

The wave modeling system includes the state of the art third generation spectral wind-wave model
MIKE 21 SW, developed by DHI. MIKE 21 SW simulates the growth, decay and transformation of
wind-generated waves and swell in offshore and coastal areas.

MIKE 21 SW includes two different formulations:

¢ Directional decoupled parametric formulation

e Fully spectral formulation

and includes the following physical phenomena:

e Wave growth by action of wind

e Non-linear wave-wave interaction

¢ Dissipation due to white-capping

¢ Dissipation due to bottom friction

¢ Dissipation due to depth-induced wave breaking
¢ Refraction and shoaling due to depth variations
e Wave-current interaction

e Effect of time-varying water depth

The discretization of the governing equation in geographical and spectral space is performed
using cell-centered finite volume method. In the geographical domain, an unstructured mesh
technique is used. The time integration is performed using a fractional step approach where a
multisequence explicit method is applied for the propagation of wave action.

For the production of the MWM database, the fully spectral formulation has been adopted, based
on the wave action conservation equation, as described in e.g. Komen et al. and Young where
the directional-frequency wave action spectrum is the dependent variable.

The time integration of the governing equations is done by using a dynamically determined time
step. The time step is determined in order to verify the stability criteria (CFL number).

The only driving force is represented by the two components of wind fields U10 and V10, (x and
y component of wind at the elevation of 10m). The process by which the wind transfers energy
into the water body for generating waves is controlled by a uncoupled air-sea interaction.

The spectral discretization adopted in the wave model has been deeply investigated and the final
configuration is able to guarantee at the same time a high level of accuracy of the results and a
reasonable computational effort.

The model domain covers the whole Mediterranean Sea but the spatial resolution is not the same
everywhere: while in the offshore areas the spatial resolution is around 0.1°, when approaching
the coast the spatial resolution increases up to around 0.03°.

The wave model is forced by the wind fields coming from the WRF Atmospheric models, illustrated
above. The wave model generated results in terms of wave parameters (Significant Wave Height,
Wave Periods, Wave Directions, etc.) over the whole domain and, in addition, spectral parameters
in predefined output locations have been stored, too.
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MIKE 21 SW domain, resolution, set-up in MWM

The model domain, covering the entire Mediterranean Sea, is illustrated in Figure A.7.
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Figure A.7  Wave model domain filled in green

The unstructured mesh, generated over the entire domain by means of a specific tool included in
MIKE 21 package, is characterized by different resolutions (in terms of mean length of triangle
sides) over the domain. In particular the following criteria have been adopted:

e a coarser resolution of 0.1° (about 10 Km) is used for offshore areas;

o a finer resolution of 0.03° (about 3 Km) has been adopted in shallow water areas, where
bathymetry is less than 100m depth or, in coastal areas characterized by very steep profiles,
where the distance from the coastline is less than 5+10 Km.

Figure A.8 illustrates the computational mesh of the Mediterranean wave model.
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Figure A.8 - Mediterranean wave model computational mesh

Figure A.9 illustrates a detail of the above computational mesh, with special focus on the Adriatic
Sea.
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Figure A.9 - Detail of the mesh — Adriatic Sea

Scatter bathymetry data have been derived from GEBCO_08 database. The GEBCO_08 Grid is
a 30 arc-second grid of global elevations and it is a continuous terrain model for ocean and land.
The grid was generated by combining quality-controlled ship depth soundings with interpolation
between sounding points guided by satellite-derived gravity data.

The gridded data are stored in a netCDF data file. Grids are stored as one dimensional arrays of
2-byte signed integer values. The complete data sets provide global coverage. Each data set
consists of 21,600 rows x 43,200 columns, resulting in a total of 933,120,000 data points. The
data start at the Northwest corner of the file, i.e. for the global file, position 89°59'45"N,
179°59'45"W, and are arranged in latitudinal bands of 360 degrees x 120 points/degree = 43,200
values. The data range eastward from 179°59'45"W to 179°59'45"E. Thus, the first band contains
43,200 values for 89°59'45"N, then followed by a band of 43,200 values at 89°59'15"N and so on
at 30 arc-second latitude intervals down to 89°59'45"S. Data values are pixel centred registered,
they refer to elevations at the centre of grid cells.

Figure A.10 illustrates GEBCO_08 scatter data for the entire area of the Mediterranean Sea.

GEBCO scatter data have not been used in the whole domain of the Mediterranean Sea. Following
a detailed check of agreement and discrepancies between GEBCO database and nautical charts,
it has been assumed to limit the use of GEBCO database for offshore areas (up to 500 m water
depth) and to use nautical charts for shallower water areas (mainly coastal areas).

The nautical charts database which has been used is the CM93/3 database from CMAP.
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Figure A.10 - Scatter bathymetry data derived from GEBCO_08 database

The number of discrete frequencies and directions form the so called “spectral resolution”, which
is a key parameter for wave models in general. The number of discrete frequencies and directions
should in fact be high enough to properly represent the “real shape” of the wave spectrum and,
on the other hand, it can’t be too high, since it would lead to unacceptable computational times
and memory consumption.

In terms of frequency range, the minimum frequency f,,;, (which corresponds to the maximum
wave period Tmax, according to the common relation = % ) should be able to capture the longest
wave periods that can occur in the Mediterranean Sea.

The analysis of ordinary and extreme waves in the Mediterranean Sea (from available data of
wave buoys) has highlighted that almost all the wave energy associated to waves in the
Mediterranean Sea are associated to wave periods between 1.5 seconds and 20 seconds.

In addition, a logarithmic distribution for the discrete frequencies acts better than a simple linear
distribution, since most of the wave periods are concentrated below 8-10 seconds. A number of
frequencies around 30 is widely considered as adequate for a proper discretization of wave energy
spectra in the Mediterranean Sea. The following formulation has therefore been adopted:

£,20.04- 1.1™,

where n goes from 0 to 29 (30 frequencies in total). The discrete frequencies range from 0.04 Hz
to 0.63 Hz (from 1.6s to 25.0s of Mean Wave Period Tm).

Also the choice of the number of discrete directions (directional discretization) is the result of
detailed investigations and tests. In particular, a high number of wave model tests, each one
characterized by a different spectral resolution (directional), i.e. by a different number of discrete
directions have been setup and run.

Few examples of the results of the above model tests are illustrated from Figure A.11 to Figure
A.13 in terms of short time series of wave heights extracted at 3 different locations where also
measurements were available (La Spezia wave buoy, Ponza wave buoy, Cetraro wave buoy).

In all the below test cases, it appears that the two time series of wave height characterized by 24
and 36 discrete directions are almost coincident. Higher discrepancies can be found for a much
limited number of discrete directions (12). After a high number of tests, the 24 directions solution
has been assumed as a very good compromise between accuracy of results and computational
time (the computational time of the wave model is linearly dependent on the number of discrete
directions).

11
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Provided that wave directions can vary within the 360° rose, the directional resolution of the wave
model is 360°/24 = 15°
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Figure A.11 - Time series of wave height at La Spezia buoy location for 3 different numbers of discrete

directions
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Figure A.12 - Time series of wave height at Ponza buoy location for 3 different numbers of discrete

directions
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Figure A.13-  Time series of wave height at Cetraro buoy location for 3 different numbers of discrete
directions
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Available products of the MWM database

The results of the wind and wave model are stored, in the whole domain, in terms of wind
parameters and wave parameters averaged over the wave period (“phase averaged results”). In

particular, the following hourly time series are available:
o Wind speed, WS [m/s]

e Wind direction, WD [deq]

¢ Significant Wave height, Hs [m]

e Mean wave period, Tm [s]

o Peak wave period, Tp [s]

e Zero crossing period, Tz [s]

o Mean wave direction, MWD [deg]

e Peak wave direction, PWD [deq]

o Directional standard deviation, DSD [deg]

In addition, hourly spectral results (in terms of wave energy associated to the frequency-direction

bins) are saved on a regular grid with an equidistant spatial resolution of 0.1°.

Figure A.14 and Figure A-15 illustrate respectively an example of phase averaged results over a

portion of Mediterranean Sea (Hs) and an local example of spectral results.

-

Figure A.14 Phase averaged results: Field of significant wave height and direction
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Figure A.15 Polar plot of spectral results. Wave energy density (coloured contours) as a function of
directions (angular coordinate) and frequencies (radial coordinate)
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Computational Features

MIKE 21 SW - SPECTRAL WAVE
MODEL FM

MIKE 21 SW is a state-of-the-art third generation
spectral wind-wave model developed by DHI. The
model simulates the growth, decay and
transformation of wind-generated waves and swells
in offshore and coastal areas.

MIKE 21 SW includes two different formulations:

e  Fully spectral formulation
o Directional decoupled parametric formulation

The fully spectral formulation is based on the wave
action conservation equation, as described in e.g.
Komen et al (1994) and Young (1999). The
directional decoupled parametric formulation is
based on a parameterisation of the wave action
conservation equation. The parameterisation is
made in the frequency domain by introducing the
zeroth and first moment of the wave action
spectrum. The basic conservation equations are
formulated in either Cartesian co-ordinates for small-
scale applications and polar spherical co-ordinates
for large-scale applications.

The fully spectral model includes the following
physical phenomena:

Wave growth by action of wind
Non-linear wave-wave interaction
Dissipation due to white-capping
Dissipation due to bottom friction

MIK@

Powered by DHI

e Dissipation due to depth-induced wave breaking
e Refraction and shoaling due to depth variations
e  Wave-current interaction

e  Effect of time-varying water depth

e  Effect of ice coverage on the wave field

The discretisation of the governing equation in
geographical and spectral space is performed using
cell-centred finite volume method. In the
geographical domain, an unstructured mesh
technique is used. The time integration is performed
using a fractional step approach where a multi-
sequence explicit method is applied for the
propagation of wave action.

MIKE 21 SW is a state-of-the-art numerical modelling tool
for prediction and analysis of wave climates in offshore
and coastal areas. © BIOFOTO/Klaus K. Bentzen
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A MIKE 21 SW forecast application in the North Sea and Baltic Sea. The chart shows a wave field (from the NSBS
model) illustrated by the significant wave height in top of the computational mesh. See also www.waterforecast.com
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Computational Features
The main computational features of MIKE 21 SW -
Spectral Wave Model FM are as follows:

e  Fully spectral and directionally decoupled
parametric formulations

e  Source functions based on state-of-the-art 3rd
generation formulations

e |Instationary and quasi-stationary solutions

e  Optimal degree of flexibility in describing
bathymetry and ambient flow conditions using
depth-adaptive and boundary-fitted
unstructured mesh

e  Coupling with hydrodynamic flow model for
modelling of wave-current interaction and time-
varying water depth

e  Flooding and drying in connection with time-
varying water depths

e  Cell-centred finite volume technique

e  Fractional step time-integration with an multi-
sequence explicit method for the propagation

o Extensive range of model output parameters
(wave, swell, air-sea interaction parameters,
radiation stress tensor, spectra, etc.)

Application Areas

MIKE 21 SW is used for the assessment of wave
climates in offshore and coastal areas - in hindcast
and forecast mode.

A major application area is the design of offshore,
coastal and port structures where accurate
assessment of wave loads is of utmost importance
to the safe and economic design of these structures.

lllustrations of typical application areas of DHI's MIKE 21
SW — Spectral Wave Model FM

Measured data are often not available during periods
long enough to allow for the establishment of
sufficiently accurate estimates of extreme sea
states.

Laitude

MIKE 21 Wave Modelling

In this case, the measured data can then be supple-
mented with hindcast data through the simulation of
wave conditions during historical storms using MIKE
21 SW.

Longituds

Example of a global application of MIKE 21 SW. The
upper panel shows the bathymetry. Results from such a
model (cf. lower panel) can be used as boundary
conditions for regional scale forecast or hindcast models.
See htip://www.waterforecast.com for more details on
regional and global modelling

MIKE 21 SW is particularly applicable for
simultaneous wave prediction and analysis on
regional scale and local scale. Coarse spatial and
temporal resolution is used for the regional part of
the mesh and a high-resolution boundary and depth-
adaptive mesh is describing the shallow water
environment at the coastline.

Example of a computational mesh used for transformation
of offshore wave statistics using the directionally
decoupled parametric formulation

MIKE 21 Spectral Waves FM - © DHI
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Application Areas

MIKE 21 SW is also used for the calculation of the
sediment transport, which for a large part is
determined by wave conditions and associated
wave-induced currents. The wave-induced current is
generated by the gradients in radiation stresses that
occur in the surf zone.

MIKE 21 SW can be used to calculate the wave
conditions and associated radiation stresses. The
long-shore currents and sediment transport are then
calculated using the flow and sediment transport
models available in the MIKE 21 package. For such
type of applications, the directional decoupled
parametric formulation of MIKE 21 SW is an
excellent compromise between the computational
effort and accuracy.
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Bathymetry (upper) and computational mesh (lower) used
in a MIKE 21 SW application on wave induced currents in
Gellen Bay, Germany
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Map of significant wave height (upper), current field
(middle) and vector field (lower). The flow field is simulated
by DHI's MIKE 21 Flow Model FM, which is dynamically
coupled to MIKE 21 SW
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Model Equations

In MIKE 21 SW, the wind waves are represented by
the wave action density spectrum N(o,6). The
independent phase parameters have been chosen
as the relative (intrinsic) angular frequency, o = 2xf
and the direction of wave propagation, 6. The
relation between the relative angular frequency and
the absolute angular frequency, ®, is given by the
linear dispersion relationship

o =+ gktanh(kd) =w—k -U

where g is the acceleration of gravity, d is the water

depth and U is the current velocity vector and k is
the wave number vector with magnitude k and
direction 6. The action density, N(o,8), is related

to the energy density E(o, 8) by

E
N=—

(o2
Fully Spectral Formulation
The governing equation in MIKE 21 SW is the wave
action balance equation formulated in either
Cartesian or spherical co-ordinates. In horizontal
Cartesian co-ordinates, the conservation equation
for wave action reads
ON S

2V LV.GN) =2
ot N) o

where N(x,o,0,t) is the action density, tis the
time, X =(x,y) is the Cartesian co-ordinates,
v =(c,,c,,c,,Cy) is the propagation velocity of a

wave group in the four-dimensional phase space x,
oand 6. Sis the source term for energy balance
equation. V is the four-dimensional differential
operator in the x, o, #space. The characteristic
propagation speeds are given by the linear kinematic
relationships

(cjc,cy)=§25g+l7=l +i 94U
dt 2 sinh( 2kd) ) k
_do_oofad oo ] p.00
dt od| ot £ Os

. .40 _ 1ldoadd oU
Cdr k

Here, s is the space co-ordinate in wave direction €
and mis a co-ordinate perpendicular to s. V;is the

two-dimensional differential operator in the x -space.

MIKE 21 Wave Modelling

Source Functions
The source function term, S, on the right hand side

of the wave action conservation equation is given by
S=8,+S,+S,+S,,+S

bot surf

Here Si, represents the momentum transfer of wind
energy to wave generation, Sy the energy transfer
due non-linear wave-wave interaction, Sgsthe
dissipation of wave energy due to white-capping
(deep water wave breaking), Skot the dissipation due
to bottom friction and Ssur the dissipation of wave
energy due to depth-induced breaking.

The default source functions S, Spand Sgs in MIKE
21 SW are similar to the source functions
implemented in the WAM Cycle 4 model, see Komen
et al (1994).

The wind input is based on Janssen's (1989, 1991)
quasi-linear theory of wind-wave generation, where
the momentum transfer from the wind to the sea not
only depends on the wind stress, but also the sea
state itself. The non-linear energy transfer (through
the resonant four-wave interaction) is approximated
by the DIA approach, Hasselmann et al (1985). The
source function describing the dissipation due to
white-capping is based on the theory of Hasselmann
(1974) and Janssen (1989). The bottom friction
dissipation is modelled using the approach by
Johnson and Kofoed-Hansen (2000), which depends
on the wave and sediment properties. The source
function describing the bottom-induced wave
breaking is based on the well-proven approach of
Battjes and Janssen (1978) and Eldeberky and
Battjes (1996).

A detailed description of the various source functions
is available in Komen et al (1994) and Sgrensen et
al (2003), which also includes the references listed
above.

MIKE 21 Spectral Waves FM - © DHI



Numerical Methods

Directional Decoupled Parametric Formulation

The directionally decoupled parametric formulation is
based on a parameterisation of the wave action
conservation equation. Following Holthuijsen et al
(1989), the parameterisation is made in the
frequency domain by introducing the zeroth and first
moment of the wave action spectrum as dependent
variables.

A similar formulation is used in the MIKE 21 NSW
Near-shore Spectral Wind-Wave Model, which is
one of the most popular models for wave
transformation in coastal and shallow water
environment. However, with MIKE 21 SW it is not
necessary to set up a number of different orientated
bathymetries to cover varying wind and wave
directions.

The parameterisation leads to the following coupled
equations
o(m,) N o(c,my) . d(c,my) N o(c,my) T
ot ox Oy 06
o(m,) N o(c,m,) N G(Cyml) . a(c,m,) _r
ot ox Oy 00

where my(x, y, 6) and my(x, y, 6) are the zeroth and
first moment of the action spectrum N(x, y, o, 6),
respectively. To(x, y, 6) and Ty (x, y, 6) are source
functions based on the action spectrum. The
moments m, (X, y, 0) are defined as

m,(x,y,0) = Ia)”N(x, v,w,0)dw
0

The source functions To and T1 take into account the
effect of local wind generation (stationary solution
mode only) and energy dissipation due to bottom
friction and wave breaking. The effects of wave-
current interaction are also included. The source
functions for the local wind generation are derived
from empirical growth relations, see Johnson (1998)
for details.

Numerical Methods

The frequency spectrum (fully spectral model only) is
split into a prognostic part for frequencies lower than
a cut-off frequency omax and an analytical diagnostic

tail for the high-frequency part of the spectrum

E(0.0)= Blo... Q{LJ

o

max

where mis a constant (= 5) as proposed by Komen
et al (1994).
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The directional decoupled parametric formulation in

MIKE 21 SW is used extensively for calculation of the
wave transformation from deep-water to the shoreline and
for wind-wave generation in local areas

Space Discretisation

The discretisation in geographical and spectral
space is performed using cell-centred finite volume
method. In the geographical domain an unstructured
mesh is used. The spatial domain is discretised by
subdivision of the continuum into non-overlapping
elements. Triangle and quadrilateral shaped polygons
are presently supported in MIKE 21 SW. The action
density, N(c,0) is represented as a piecewise
constant over the elements and stored at the
geometric centres.

In frequency space either an equidistant or a log-
arithmic discretisation is used. In the directional
space, an equidistant discretisation is used for both
types of models. The action density is represented
as piecewise constant over the discrete intervals, Ac
and A9, in the frequency and directional space.
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Integrating the wave action conservation over an
area A, the frequency interval 407 and the directional
interval A6, gives

d
o L, J, N[ ] ] dodaio
- Le LU L. V- (VN)dQdod 6

where Qis the integration variable defined on A.
Using the divergence theorem and introducing the

convective flux F = vN , We obtain

a]Vi I,m 1 NE
= I3(F,), Al
a A {;( ri "}
1
- A_O_l[(FO')i,l+1/2,m - (Fcr)i,l—I/Z,m]

i,l,m

1
- Al9m [(Fe)i,l,m+1/2 - (Fe)i,z,m—1/2]+

l

where NE is the total number of edges in the cell,
() pym =Fn, +Fn) is the normal flux
trough the edge p in geographical space with length
Ap. (F,); 11172.m @nd (Fy); 1 i1y is the flux

through the face in the frequency and directional
space, respectively.

p.lm

The convective flux is derived using a first-order
upwinding scheme. In that

1 lc
F = —(N,+N.,)——— (N, =N,
n cn [2( 1 ]) 2|C|( i ])J

where ¢, is the propagation speed normal to the
element cell face.

Time Integration

The integration in time is based on a fractional step
approach. Firstly, a propagation step is performed
calculating an approximate solution N"at the new
time level (n+1) by solving the homogenous wave
action conservation equation, i.e. without the source
terms. Secondly, a source terms step is performed
calculating the new solution N+’ from the estimated
solution taking into account only the effect of the
source terms.

MIKE 21 Wave Modelling

The propagation step is carried out by an explicit
Euler scheme

* aZvilm !
N =N +A —

i,l,m il,m 6t

To overcome the severe stability restriction, a multi-
sequence integration scheme is employed. The
maximum allowed time step is increased by
employing a sequence of integration steps locally,
where the number of steps may vary from point to
point.

A source term step is performed using an implicit
method (see Komen et al, 1994)

+as™!

il,m

. (1-a)S

i,l,m

il,m

Nn+1

il,m

=N
oy

where o is a weighting coefficient that determines
the type of finite difference method. Using a Taylor
series to approximate S"*' and assuming the off-
diagonal terms in JS/JE= y are negligible, this
equation can be simplified as

S, o)At
Nin;r:n =Ninlm+¥
" ” (1—ayAr)

*
i,l,m

For growing waves (7> 0) an explicit forward
difference is used (« = 0), while for decaying waves
(7 < 0) an implicit backward difference (a= 1) is
applied.

MIKE 21 SW is also applied for wave forecasts in ship
route planning and improved service for conventional and
fast ferry operators

MIKE 21 Spectral Waves FM - © DHI



Model Input

Model Input
The necessary input data can be divided into
following groups:

e Domain and time parameters:
- computational mesh
- co-ordinate type (Cartesian or spherical)
- simulation length and overall time step

o  Equations, discretisation and solution technique
- formulation type
- frequency and directional discretisation
= number of time step groups
= number of source time steps

e  Forcing parameters
- water level data
- current data
- wind data
- ice data

e  Source function parameters
= non-linear energy transfer
- wave breaking (shallow water)
- bottom friction
- white capping

e  Structures
- location and geometry
- approach
- structures coefficients

e Initial conditions
- zero-spectrum (cold-start)
- empirical data
- datafile

e  Boundary conditions
- closed boundaries
- open boundaries (data format and type)

Providing MIKE 21 SW with a suitable mesh is
essential for obtaining reliable results from the
model. Setting up the mesh includes the appropriate
selection of the area to be modelled, adequate
resolution of the bathymetry, flow, wind and wave
fields under consideration and definition of codes for
essential and land boundaries.

Furthermore, the resolution in the geographical
space must also be selected with respect to stability
considerations.

As the wind is the main driving force in MIKE 21 SW,
accurate hindcast or forecast wind fields are of
utmost importance for the wave prediction.
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The Mesh Generator is an efficient MIKE Zero tool for the
generation and handling of unstructured meshes, including
the definition and editing of boundaries

3D visualisation of a computational mesh

If wind data is not available from an atmospheric
meteorological model, the wind fields (e.g. cyclones)
can be determined by using the wind-generating
programs available in MIKE 21 Toolbox.

The chart shows an example of a wind field covering the
North Sea and Baltic Sea as wind speed and wind
direction. This is used as input to MIKE 21 SW in forecast
and hindcast mode
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Model Output
At each mesh point and for each time step four types
of output can be obtained from MIKE 21 SW:

e Integral wave parameters divided into wind sea
and swell such as
- significant wave height, Hmo
- peak wave period, T,
- averaged wave period, To1
- zero-crossing wave period, Tpz
- wave energy period, T.19
- peak wave direction, 6,
- mean wave direction, 6n
- directional standard deviation, o
- wave height with dir., Hmo cos6m Hmo Sin6n
- radiation stress tensor, Sy, Sy and Sy,
- particle velocities, horizontal/vertical
- wave power, P, Py and P,

11407700 00:00:00. Time step: 18

Example of model output (directional-frequency wave
spectrum) processed using the Polar Plot control in the
MIKE Zero Plot Composer

The distinction between wind-sea and swell can be
calculated using either a constant threshold
frequency or a dynamic threshold frequency with an
upper frequency limit.

e Input parameters
- water level, WL
- water depth, h

- current velocity, U
- wind speed, Uy

- wind direction, 6,
- Ice concentration

MIKE 21 Wave Modelling

e  Model parameters
- bottom friction coefficient, Cr
- breaking parameter, y
- Courant number, Cr
- time step factor, a
- characteristic edge length, A/
- areaof element, a
- wind friction speed, u-
- roughness length, zp
- drag coefficient, Cp
= Charnock parameter, z:

e Directional-frequency wave spectra at selected
grid points and or areas as well as direction
spectra and frequency spectra

Output from MIKE 21 SW is typically post-processed
using the Data Viewer available in the common
MIKE Zero shell. The Data Viewer is a tool for
analysis and visualisation of unstructured data, e.g.
to view meshes, spectra, bathymetries, results files
of different format with graphical extraction of time
series and line series from plan view and import of
graphical overlays.

Various other editors and plot controls in the MIKE
Zero Composer (e.g. Time Series Plot, Polar Plot,
etc.) can be used for analysis and visualisation.
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The Data Viewer in MIKE Zero — an efficient tool for
analysis and visualisation of unstructured data including
processing of animations
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Validation

Validation

The model has successfully been applied to a
number of rather basic idealised situations for which
the results can be compared with analytical solutions
or information from the literature. The basic tests
covered fundamental processes such as wave
propagation, depth-induced and current-induced
shoaling and refraction, wind-wave generation and
dissipation.

Ekofisk station
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Comparison between measured and simulated significant
wave height, peak wave period and mean wave period at
the Ekofisk offshore platform (water depth 70 m) in the
North Sea). (===) calculations and (==—=) measurements
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A major application area of MIKE 21 SW is in connection
with design and maintenance of offshore structures

The model has also been tested in natural
geophysical conditions (e.g. in the North Sea, the
Danish West Coast and the Baltic Sea), which are
more realistic and complicated than the academic
test and laboratory tests mentioned above.
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Comparison between measured and simulated significant
wave height, peak wave period and mean wave period at
Fjaltring located at the Danish west coast (water depth
17.5 m).(===) calculations and (0) measurements
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The Fjaltring directional wave rider buoy is located
offshore relative to the depicted arrow

MIKE 21 SW is used for prediction of the wave
conditions at the complex Horns Rev (reef) in the
southeastern part of the North Sea. At this site, a
168 MW offshore wind farm with 80 turbines has
been established in water depths between 6.5 and
13.5 m.
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The upper panels show the Horns Rev offshore wind farm
and MIKE C-map chart. 'The middle panel shows a close-
up of the mesh near the Horns Rev S wave rider buoy (13,
10 m water depth. The lower panel shows a comparison
between measured and simulated significant wave height
at Horns Rev S, (===) calculations including tide and surge
and (—) calculations excluding including tide and surge,
(0) measurements
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Validation

The predicted nearshore wave climate along the
island of Hiddensee and the coastline of Zingst
located in the micro-tidal Gellen Bay, Germany have
been compared to field measurements (Sgrensen et
al, 2004) provided by the MORWIN project. From the
illustrations it can be seen that the wave conditions
are well reproduced both offshore and in more
shallow water near the shore. The RMS values (on
significant wave height) are less than 0.25m at all
five stations.
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A MIKE 21 SW hindcast application in the Baltic Sea. The
upper chart shows the bathymetry and the middle and
lower charts show the computational mesh. The lower
chart indicates the location of the measurement stations
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Time series of significant wave height, Hmo, peak wave
period, Tp, and mean wave direction, MWD, at Darss sill
(Offshore, depth 20.5 m). (===) Calculation and (0)
measurements. The RMS value on Hmo is approximately
0.2m
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Time series of significant wave height, Hmo, at Gellen
(upper, depth 8.3m) and Bock (lower, depth 5.5 m). (s—)
Calculation and (0) measurements. The RMS value on Hmo
is approximately 0.15 m
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Graphical user interface of MIKE 21 SW, including an example of the Online Help System

Graphical User Interface

MIKE 21 SW is operated through a fully Windows
integrated Graphical User Interface (GUI). Support is
provided at each stage by an Online Help System.

The common MIKE Zero shell provides entries for
common data file editors, plotting facilities and a
toolbox for/utilities as the Mesh Generator and Data

Viewer.

FEMA Approval of MIKE 21
The LIS Federal Ememency Managemen! Apency

(FEMA) has per May 2004 officialy approved MIKE

21 for uge in coastal Food Insurance Stuales.
The three rmodules, which are fhe

hvdro-dvnamic
‘moduiz, near-shome speciial wind-wave moduie and

offehore-spectral wind-wave modwe, have been
accaplad for coasial sfonn surgs, coastal wave
hienghis, and coastal wave effect ueage.

For mare infornalion pleass
check v fema govinfip and

FEMA approval of the MIKE 21 package

12

e e

Praduct Types: Bozmet: e
[ & O [ er———-—
£ MIKE HYDRO B Profie Senes (L SR 1)
= MIKE 1 W G Sevies [fed, 62, de2, A1)
=) ﬁg 31 T Dt Mo [, meshy, Jhe2, 53
B I Pt Composer {pkc)
£ MIKE 21/3 ingrated Mo, || 4 pauit viewer (0]
- a”;’i&m A Batbymetries { baf)
= 1
= MIKE SHE 1| ¥ Chmate: Change: {macc)
@ ME ECO Lab [ecoiab)
W Autn Calbrabon [auc)
& Evi Edeor [ mvn)
& Hesh Germrator | medfi
A Dels Extrasctions P | dxfim)
ik Tme: Sevien Comparator |, isc)
i MEEE T Toobox [ty
i i
| o | Conesd |

Overview of the common MIKE Zero utilities

MIKE 21 Spectral Waves FM - © DHI



Parallelisation

Parallelisation

The computational engines of the MIKE 21/3 FM
series are available in versions that have been
parallelised using both shared memory as well as
distributed memory architecture. The latter approach
allows for domain decomposition. The result is much
faster simulations on systems with many cores.
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Example of MIKE 21 HD FM speed-up using a HPC
Cluster with distributed memory architecture (purple)

Hardware and Operating System
Requirements

The MIKE Zero Modules support Microsoft Windows
7 Professional Service Pack 1 (64 bit), Windows 10
Pro (64 bit), Windows Server 2012 R2 Standard (64
bit) and Windows Server 2016 Standard (64 bit).

Microsoft Internet Explorer 9.0 (or higher) is required
for network license management. An internet
browser is also required for accessing the web-
based documentation and online help.

The recommended minimum hardware requirements
for executing the MIKE Zero modules are:

Processor: 3 GHz PC (or higher)
Memory (RAM): 2 GB (or higher)
Hard disk: 40 GB (or higher)

Monitor: SVGA, resolution 1024x768
Graphics card: 64 MB RAM (256 MB RAM or
(GUI and visualisation) higher is recommended)
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Support
News about new features, applications, papers,
updates, patches, etc. are available here:

www.mikepoweredbydhi.com/Download/DocumentsAndTools.aspx

For further information on MIKE 21 SW, please
contact your local DHI office or the support centre:

MIKE Powered by DHI Client Care
Agern Allé 5

DK-2970 Hgrsholm

Denmark

Tel: +45 4516 9333
Fax: +45 4516 9292

mike@dhigroup.com
www.mikepoweredbydhi.com

Documentation

The MIKE 21 & MIKE 3 FM models are provided
with comprehensive user guides, online help,
scientific documentation, application examples and
step-by-step training examples.
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MIKE 21 & MIKE 3 Flow Model FM
Hydrodynamic Module

Short Description
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The Modules of the Flexible Mesh Series

MIKE 21 & MIKE 3 Flow Model FM

The Flow Model FM is a comprehensive modelling
system for two- and three-dimensional water
modelling developed by DHI. The 2D and 3D models
carry the same names as the classic DHI model
versions MIKE 21 & MIKE 3 with an ‘FM’ added
referring to the type of model grid - Flexible Mesh.

The modelling system has been developed for
complex applications within oceanographic, coastal
and estuarine environments. However, being a
general modelling system for 2D and 3D free-
surface flows it may also be applied for studies of
inland surface waters, e.g. overland flooding and
lakes or reservoirs.

MIKE 21 & MIKE 3 Flow Model FM is a general
hydrodynamic flow modelling system based on a finite
volume method on an unstructured mesh

The Modules of the Flexible Mesh Series
DHI's Flexible Mesh (FM) series includes the
following modules:

Flow Model FM modules

Hydrodynamic Module, HD

Transport Module, TR

Ecology Modules, MIKE ECO Lab/AMB Lab
Oil Spill Module, OS

Mud Transport Module, MT

Particle Tracking Module, PT

Sand Transport Module, ST

Shoreline Morphology Module, SM

Wave module
e  Spectral Wave Module, SW
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The FM Series meets the increasing demand for
realistic representations of nature, both with regard
to ‘look alike’ and to its capability to model coupled
processes, e.g. coupling between currents, waves
and sediments. Coupling of modules is managed in
the Coupled Model FM.

All modules are supported by advanced user
interfaces including efficient and sophisticated tools
for mesh generation, data management, 2D/3D
visualization, etc. In combination with
comprehensive documentation and support, the FM
series forms a unique professional software tool for
consultancy services related to design, operation
and maintenance tasks within the marine
environment.

An unstructured grid provides an optimal degree of
flexibility in the representation of complex
geometries and enables smooth representations of
boundaries. Small elements may be used in areas
where more detail is desired, and larger elements
used where less detail is needed, optimising
information for a given amount of computational
time.

The spatial discretisation of the governing equations
is performed using a cell-centred finite volume
method. In the horizontal plane, an unstructured grid
is used while a structured mesh is used in the
vertical domain (3D).

This document provides a short description of the
Hydrodynamic Module included in MIKE 21 & MIKE
3 Flow Model FM.

Example of computational mesh for Tamar Estuary, UK
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MIKE 21 & MIKE 3 Flow Model FM

Longitude

MIKE 21 & MIKE 3 FLOW MODEL FM supports both Cartesian and spherical coordinates. Spherical coordinates are
usually applied for regional and global sea circulation applications. The chart shows the computational mesh and
bathymetry for the planet Earth generated by the MIKE Zero Mesh Generator

MIKE 21 & MIKE 3 Flow Model FM -
Hydrodynamic Module

The Hydrodynamic Module provides the basis for
computations performed in many other modules, but
can also be used alone. It simulates the water level
variations and flows in response to a variety of
forcing functions on flood plains, in lakes, estuaries
and coastal areas.

Application Areas

The Hydrodynamic Module included in MIKE 21 &
MIKE 3 Flow Model FM simulates unsteady flow
taking into account density variations, bathymetry
and external forcings.

The choice between 2D and 3D model depends on a
number of factors. For example, in shallow waters,
wind and tidal current are often sufficient to keep the
water column well-mixed, i.e. homogeneous in
salinity and temperature. In such cases a 2D model
can be used. In water bodies with stratification,
either by density or by species (ecology), a 3D
model should be used. This is also the case for
enclosed or semi-enclosed waters where wind-
driven circulation occurs.

Typical application areas are

o Assessment of hydrographic conditions for
design, construction and operation of structures
and plants in stratified and non-stratified waters

o  Environmental impact assessment studies

e  Coastal and oceanographic circulation studies

e  Optimization of port and coastal protection

infrastructures

Lake and reservoir hydrodynamics

Cooling water, recirculation and desalination

Coastal flooding and storm surge

Inland flooding and overland flow modelling

Forecast and warning systems

Latdude jdogree]

50 gy 150

150 100 &0 "]
Lengitude [degies]

Example of a global tide application of MIKE 21 Flow
Model FM. Results from such a model can be used as
boundary conditions for regional scale forecast or hindcast
models
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Application Areas

The MIKE 21 & MIKE 3 Flow Model FM also support
spherical coordinates, which makes both models
particularly applicable for global and regional sea
scale applications.
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Example of a flow field in Tampa Bay, Florida, simulated
by MIKE 21 Flow Model FM
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Study of thermal plume dispersion
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Typical applications with the MIKE 21 & MIKE 3 Flow
Model FM include cooling water recirculation and
ecological impact assessment (eutrophication)

The Hydrodynamic Module is together with the
Transport Module (TR) used to simulate the
spreading and fate of dissolved and suspended
substances. This module combination is applied in
tracer simulations, flushing and simple water quality
studies.
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Tracer simulation of single component from outlet in the
Adriatic, simulated by MIKE 21 Flow Model FM HD+TR

Prediction of ecosystem behaviour using the MIKE 21 &
MIKE 3 Flow Model FM together with MIKE ECO Lab
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The Hydrodynamic Module can be coupled to the
Ecological Module (MIKE ECO Lab) to form the
basis for environmental water quality studies
comprising multiple components.

Furthermore, the Hydrodynamic Module can be
coupled to sediment models for the calculation of
sediment transport. The Sand Transport Module and
Mud Transport Module can be applied to simulate
transport of non-cohesive and cohesive sediments,
respectively.

In the coastal zone the transport is mainly
determined by wave conditions and associated
wave-induced currents. The wave-induced currents
are generated by the gradients in radiation stresses
that occur in the surf zone. The Spectral Wave
Module can be used to calculate the wave conditions
and associated radiation stresses.

MIKE 21 & MIKE 3 Flow Model FM
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Coastal application (morphology) with coupled MIKE 21
HD, SW and ST, Torsminde harbour Denmark
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Example of vertical profile of cross reef currents in Taravao Bay, Tahiti simulated with MIKE 3 Flow Model FM. The
circulation and renewal of water inside the reef is dependent on the tides, the meteorological conditions and the cross reef
currents, thus the circulation model includes the effects of wave induced cross reef currents
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Computational Features

Computational Features

The main features and effects included in
simulations with the MIKE 21 & MIKE 3 Flow Model
FM — Hydrodynamic Module are the following:

Flooding and drying
Momentum dispersion

Bottom shear stress

Coriolis force

Wind shear stress

Barometric pressure gradients
Ice coverage

Tidal potential
Precipitation/evaporation
Infiltration

Heat exchange with atmosphere
Wave radiation stresses

e  Sources and sinks, incl. jet

e  Structures

Model Equations

The modelling system is based on the numerical
solution of the two/three-dimensional incompressible
Reynolds averaged Navier-Stokes equations subject
to the assumptions of Boussinesq and of hydrostatic
pressure. Thus, the model consists of continuity,
momentum, temperature, salinity and density
equations and it is closed by a turbulent closure
scheme. The density does not depend on the
pressure, but only on the temperature and the
salinity.

For the 3D model, the free surface is taken into
account using a sigma-coordinate transformation
approach or using a combination of a sigma and z-
level coordinate system.

Unstructured mesh technique gives the maximum degree of
flexibility, for example: 1) Control of node distribution allows for
optimal usage of nodes 2) Adoption of mesh resolution to the
relevant physical scales 3) Depth-adaptive and boundary-fitted
mesh. Below is shown an example from Ho Bay, Denmark with the

approach channel to the Port of Esbjerg
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Below the governing equations are presented using
Cartesian coordinates.

The local continuity equation is written as
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and the two horizontal momentum equations for the
x- and y-component, respectively
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Temperature and salinity

In the Hydrodynamic Module, calculations of the
transports of temperature, T, and salinity, s follow
the general transport-diffusion equations as
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The horizontal diffusion terms are defined by

on S0 2) 2o

The equations for two-dimensional flow are obtained
by integration of the equations over depth.

Heat exchange with the atmosphere is also included.

Symbol list

t time

X, Y, Z Cartesian coordinates

u, v, w flow velocity components

T, s temperature and salinity

Dy vertical turbulent (eddy) diffusion
coefficient

A source term due to heat exchange with
atmosphere

S magnitude of discharge due to point
sources

Ts, Ss temperature and salinity of source

Fr, Fs, Fc horizontal diffusion terms

Dn horizontal diffusion coefficient

h depth

Solution Technique

The spatial discretisation of the primitive equations is
performed using a cell-centred finite volume method.
The spatial domain is discretised by subdivision of
the continuum into non-overlapping elements/cells.
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Principle of 3D mesh

MIKE 21 & MIKE 3 Flow Model FM

In the horizontal plane an unstructured mesh is used
while a structured mesh is used in the vertical
domain of the 3D model. In the 2D model the
elements can be triangles or quadrilateral elements.
In the 3D model the elements can be prisms or
bricks whose horizontal faces are triangles and
quadrilateral elements, respectively.

The effect of a number of structure types (weirs,
culverts, dikes, gates, piers and turbines) with a
horizontal dimension which usually cannot be
resolved by the computational mesh is modelled by
a subgrid technique.

Model Input
Input data can be divided into the following groups:

e Domain and time parameters:

- computational mesh (the coordinate type is
defined in the computational mesh file) and
bathymetry

- simulation length and overall time step

Calibration factors

- bed resistance

- momentum dispersion coefficients
- wind friction factors

- heat exchange coefficients

e |Initial conditions
- water surface level
- velocity components
- temperature and salinity

e  Boundary conditions
- closed
- water level
- discharge
- temperature and salinity

e  Other driving forces
- wind speed and direction
- tide
- source/sink discharge
- wave radiation stresses

e  Structures
- Structure type
- location
- structure data

Hydrodynamic Module - © DHI
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