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ABSTRACT

Tropical cyclones (TCs) are some of the most damaging events. They occur in yearly cycles and affect
the coastal population with thregangerous effects: heavy rain, strong wind and storm simgerder to
estimate the area and the population affected byclone, all the three types of physical impacts must be taken
into accountStorm surge is an abnormal rise of water above the astronomical tides, generated by strong winds
and dop in the atmospheric pressuiiéhe reportdescribe the implementation fosuchphenomena in th@RC
HyFlux2 code, which isroutinely used in GDAC®www.gdacs.orjjto model inundatiomdue to tsunami run
ups.

The first aim of this work is to identify which source of information (providedhe different weather
forecast centa) allowsthe specifcation ofthe pressure and wind fieddf the TCs at global level. The lack of a
global and free downloadable TC wind and pressure datasets has led the JRC to deeslp@arlomethod
todeemi ne t he Hol | asingtidesworld availabieening radii data (advisory and forecasig
obtainedH o | | agaraiméterare theeforeusedto obtain pressure and wind fields which areftireing of the
HyFlux2 storm surge modeling

The developedmethodologyhas beenvalidated forfour TCs: Earl, Nargis, Katrina and Yadihe
preliminary resuli show that it is possible tforecast the effects atorm surgeby several days in advance.


http://www.gdacs.org/
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1. INTRODUCTION

The Joint Research Cent(@RC) of the European Commission has developed the Global Disasters
Alert and Coordination System (GDACSww.gdacs.orfj an early warning system created to alert the
humanitarian community about potential disastersctvhare under development. The system automatically
invokes ad hoc numerical models in order to analyze the level of the hazard of natural disasters like earthquakes,
tsunamis, cyclones, floods, volcanoes. Tropical cyclones (TCs) are some of the moshdaswagts. They
occur in yearly cycles and affect the coastal population with ttha@gerous effects: heavy rain, strong wind
and storm surgdn order to estimate the area and the population affected by a cyclone, all the three types of
physical impactsnust be taken into accourtherefore JRGs implementing the storm surge phenomena in the
HyFlux2 code (Sectiog), routinely used in GDACS to moli@undation due to tsunami rups.

In storm surge modielg, various physical processes have to be taken into account, sGurials
Forces, Bottom Friction, Pressubeop, Wind Friction, Radiation Stress and Tid&sorm surge is an abnormal
rise of waterabove the predicted astronomical tidgenerated by strong winds and drop in the atmospheric
pressure. Thereforehe primary forcing term is the atmospheric forcing: wind friction and pressure gradient.
Actual and forecasted surface wind and atmospheric pressure fields, defined in the entire computational space
domain are required for the hydrodynamic HyFlux2 sirioires.

The first aim of this work is to identify which source of information (provided by the different weather
forecast center) allowthe specifcation ofthe pressure and wind field of the TCs at global level.

The realtime data of wind and surfacegssure are insufficient to allow a direct analysis of the central
region of most TCs and they cannot be used alone to generate the wind field needed for a storm surge model
(Powell et al., 2010). For this reason several models have been developed windfand pressure fields. An
overview on the main approaches used in TC wind field modeling is presentitgar et al. (2001) and in
Cardone et al. (2009). In particular Cardone et al. (2009) explore the sensitivity of predictions of coastal surges
to wind fields developed by alternative methods, presenting interesting results and a discussion of sources of
uncertainties of the different wind analysis methods. In this article the main approaches used in TC wind field
modeling are described and categatize a s : 1) Simple analytical parametr.i
(Holland, 1980); 2) steadstate dynamical model, such as PBL model (Chow, 1970; Cardone et al., 1976;
Shapiro, 1983; Thompson, et al., 1996; Vickery et 2000); 3) Norsteady dynamia models such as
Geophysical Fluid Dynamics Laboratory (GFDL) (Kurihara et al., 1998); 4) kinematical methods, such as
National Oceanic and Atmospheric Administration (NOAA) National Hurricane Research Division H*Wind

(Powell et al., 1996) and Oceanweathe s | OKA ( Cox et al ., 1995) .

The widely and well known method suitable to sp:¢
parametric model (Holland, 1980), which contains some parameters empirically estimated from observations or
determined climatologa | | vy . This model is widely used in risk ass

model is axissymmetric, therefore several considerations and additional terms must be included in order to
consider the asymmetry of the real fields (Harper et &012 Moreover this model needs several input
parameters (hereafter called Holl andbds parameters), S
(Po), radius of maximum windR.) and maximum wind velocityM,.). These parameters unforturigitare
not always available globally. Everyhburs the TC warning centers (Appendix A) publish a TC bulletin,
including information such as wind speed, pressure, and track locations which are used as input for the
parametric model bue thege. infokmation aaenndt dwailabtedandeach TG basin (Knaff et al.,
2010). Several methods have been developed to infer the missing parameters, such as-phesswirel
relationship (Atkinson et al., 1977; Courtney et al., 2009). Unfortunatelyeslétrelations are based on datasets
of varying quality and with a lack of suitable observational data that makes validation difficult (Knaff et al.,
2010).

TC products suitable to infer the pressure and wind diglce available from several weather
forecasting centers such as the GFDL and European Centre for M&tuage Weather Forecasts (ECMWF)
TC products. Unfortunately some TCs products are not available globally or are not available in real time.

Another way to infer the pressure and wind fielddsuse the global forecasting model such as the
Global Forecasting System (GFS) model (Hamill et al., 2011). In the past the global models, due to the coarse
grid size (around 55 Km), had several problems to resolve the extreme pressure gradients asgbcisfsd
(Van Der Grijin, 2002), but in 2010 the NOAA and ECMWF global models have improved notably their
resolution. Actually the NOAA GFS model has a resolution of 27 km, while that of ECMWF hasdiogsof
16 km. These recemmnprovemens on the gbbal resolution, should be able to reproduce the extreme pressure
gradient inside a TC, as shown in Miller (2010).

In the past decad@ new TC parameter has been made available in the TC bulletins data source: the
wind radii. This term represents the rimaum radial extent in nautical miles of winds reaching 34, 50, and
64 knots in each quadrant (NE, SE, SW, and NW). These data are provided in each TC bulletin issued by the TC
warning centers at | east every sdelwhich osesrttese dada asieputh od b ¢

5


http://www.gdacs.org/

represents another possibility to infer the wind and pressure fields as shown in Xie et al. (2006). They developed
a realtime TC wind forecast system by incorporating the asymmetric representation of a TC wind figthe into
Hol |l andds model . To provide optimized asymmetric hur
(NDBC) reatt i me buoy data have been introduced into the me
Hurricane Cent er 0 ermatiohKrearkP.Vig.cabduwind radii data), arenued for prognostic
modeling. This method has been validated for the Atlantic basin, reaching interesting results. This method
regured as input als®. , but this parameter is not available in each T&lrba

The lack of a global and free downloadable dataset of TC wind and pressure datasets has led the JRC to
develop a method to determine the Hollandbds paramet e
and forecast)The developednethodthatwill be described in the repod validated forfour TCs: Earl, Nargis,
Katrina and Yasi. Earl was strong TC that affected most of the United States east coast and Canada (25
August 3 September 2010Nargis was a strong TC that caused the worst @isas the history of Myanmar
(27 April T 3 May 2008). Katrina was one of the most damaging TCs disasters in the history of the United States
(2371 30 August 2005). Yasi was an intense TC that caused significant damage to Queensland, Australia (30
Januaryi 3 February 2011)TheHo | | an d 6 s obpamed drometheeind sadii are then usetb obtain
pressure and wind fieldghich are thdorcing of theHyFlux2 storm surge modelingf ¢he last three TCs.

An overview on storm surge modeling and the bakgracteristics of the HyFlux2 model used at JRC
are presented in Section 2, JRWrethbdedeveldpedo dé@rimineathed 6 s mo
Hol |l andds par amet are prasentecigSedtitne3. Awrelimihary rasdlti of storm surigg us
thedevelopednethodis shown in Section 4. Concluding remarks are in Section 5.

2. STORM SURGE MODELING

2.1. State of the art of storm surge codes

Storm surge is an abnormal rise of water generated by a storm above the predicted astronomical tides,
generated by strong winds and by a drop in the atmospheric pressure. These meteorological phenomena
constitute the atmospheric forcing and will be desttim Section 3.

These effects generate long waves, called storm surges, with a characterissicafienaf several hours
to one day and a wavelength approximately equal to the width ektiterof the depression typically between
150 and 800 km (CIRIet al., 2007). Therefore these long waves can be represented by the shallow water
equations (Eq.1).

In addition to pessuredrop and wind friction, a gorm surge modetan include also others physical
processes such as Coriolis Forces, Bottom Frictiodid®an Stress and Tides.

A wide range of storm surge models are used for predicting the TC impact. A completd-ttatart
of the storm surge models with their main characteristics are in Harper et al. (2001) and in Dube et al. (2010),
while in Alimov (2005) several models are described in detail, showing their limits and advantage in their usage.
In next Section the JRC code HyFlux2 is presented, while below the following three models are presented: the
Sea, Lake and Overland Surges from Hurricai3#OSH), the (parallel) ADvanced CIRCulation (ADCIRC)
Coastal Circulation and Storm Surge Model, and the Japan Meteorological Agency (JMA) storm surge model.

SLOSH is a computer code developed by Federal Emergency Management Agency (FEMA), United
States Arry Corps of Engineers and by the National Weather Service to definefftooé areas for evacuation
planning. It is run by th&lOAA NationalHurricaneCentreto estimate storm surge heights and winds resulting
from historical, hypothetical, or predictedrhoanes. SLOSH model solves the depitegrated shallow water
equations using a finite difference solution and a polar or elliptical/hyperbolic grid type (depending on the
specific coastal area called basin). The model includes the astronomical tedsfyjirsp an initial tide level. It
does not include rainfall amounts, riverflow, or widdven waves. The covered areas are:.E&st Coast,
Gulf of Mexico, parts of Hawaii, Guam, Puerto Rico, Virgin Islands, Various basins in China and India. More
information can be found in Jelesnianski et al. (1992), Glahn et al. (2009), Dube et al. (2010), on the NOAA
NHC  website  [ittp://www.nhc.noaa.gov/HAW?2/english/surge/slosh.shtmland ~ FEMA  wekite
(http://www.fema.gov/hazard/hurricane/index.shtm

ADCIRC, developed byLeuttich, et al.(1992 is a computer code that computes surface water
elevation and currents. It solves the deptiegrated shallowvater equations using a finildement solution and
an unstructured grid. The model domain extended across the Gulf of Mexico and Caribbearais@gpdn
boundary in the miditlantic. More information can be fourid Blain et al.(1994)andin Leuttich et al(1992)
and athttp://www.adcirc.org/

SLOSH and ADCIRC have different approaches and therefore they & different strengths and
weakness (Alimov, 2005). SLOSH model Hawer runtime than ADCIRC, but the resolution of ADCIRC is
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much higher. Therefore these models are suitable for different situations, despite sometime they are used for
similar task. hese models are used in the following studies: Cardone €20Q419), Melton et al. (2009),
Niedoroda et al. (2010), Dietrich et al. (2010) and Bunya €2@10).

JMA storm surge modelsolves the twalimensional shallow water equations using a finiféeeténce
method. This model includes the atmospheric forcing (described in Section 3) using two different methods to
allow the uncertainty in TC track forecasts; the parametric model (Fujita, 1952) and the operatienal non
hydrostatic mode(Saito et al., 206).JMA has also developed a method to include the atmospheric tide effects,
developing a data assimilation system to combine the information from observation data and ocean tide model.
More information are in Higaki et 8)2008) and Higaki et a{2009.

2.2. HyFlux2 code for inundation modeling

In the last years JRC has develogatkensiveexperience in tsunami early warning syssemsing the
JRGSWAN finite difference code for wave propagation modeling and thefiifR€-volumeHyFlux2 code for
wave propgation and inundation modeling. Recently, the atmospheric forcing has been included in the
HyFlux2 code in order to use it also for storm surge modeling.

HyFlux2 model solves the shallow water equations using a finite volume method. The interface flux is
computed by a Flux Vector Splitting method for shallow water equations based on a Goghsapproach. A
secondorder scheme is applied to the water surface level and velocity, providing results with high accuracy and
assuring the balance between fluxad aources also for complex bathymetry and topography. Physical models
are included to deal with bottom steps and shorelines. The secdeidscheme together with the shoreline
tracking method and the implicit source term treatment makes the model laeitdxh in respect to mass and
momentum conservation laws, providing reliable and robust results. More information on the physical models
and on the adopted numerical scheme can be found in Franchello (2008), Franchello (2010), Franchello et al.
(2008), Cru et al. (2011) and Zamora et al. (2011).

At the moment, the HyFlux2 code uses uniform Cartesian grid. More detailed inundation simulations
are performed by a nested grid apprdadbevelopments are in progress in order to adopt a non uniform
gridding metlod, with finer grid in neashore shallow waters.

Following the 2D shallow water equation:

P
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A

where U is the conservative vector, F is the flux ve&@or 5 .F|=|. , and C is the source vector
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Schematic of coordinate and variables of the shallow water model is shokiguire 1, whereh
signifies the water depthv={vx,vy} is the velocity of the fluid in the{X, y} plane, z is the vertical

!In the nest grid approach the boundary conditions of the simulations performed at finer grid size are taken from
the simulation results at coarser grid size. This method is a on@pmyach, i.e., the information run from

coarse simulation to the finer one, not vice versa. The validity of the approach become poor when reflection and
resonance take place close the boundaries, i.e., when the rate of change of the lyatigsedty he boundary

is high and the wave length becomes short (this can happen in case on Tsunami wave simulations). In the case
of storm surge simulations, because the wave length is very high and the effect of reflections and resonance is
negligible, the validi of the one way nested approach remains high also in case efhwrarsimulations.



coordinate of the bottom (or bed)/=z+h is the elevation of the free surfacg,is the gravitational
acceleration (opposite to thalirection)

/\ Free surface

h Tg"

v

Bottom or bed

W

Figure 1 - Schematic of coordinate and variables of the shallow water mode

The source parameters already considered for the tsunami modeling are theshmesm h— , the

Coriolis forcesf] o v
by the Manning formula

(® = rotation rate of the Eartlg = latitude) and the bottom frictiolY expressed

n.\vi +v;
Sy :{Sfxisfy}:—4/{vx’vy}
h 3
wheren is an empirical roughness coefficient for the water, called also Manning coefficient.
The source term parameters added to consider the atmospheric foecthg parameterfor the precipitations,

Sp for the pressurand SJ for the wind friction i.e,
1 & a
Sy = {pr’ Spy} - 4 E’Eu
Wy

wherep is the surface pressure alaJ is given by
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where™Y "Y RAY are the horizontal component of the wind velocity 10m above the sea surfacg and
is the drag coefficient given by the following equation

waterg
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It is interesting to note that the paramet§§ and Su can be seen atopes, like thdottom friction

“Y bottomslope —h— . In deep water the primary forcing is the atmospheric pressure deficit which causes the

Ainverted barometero effect: t he r i @wh, R09O4)lesiequrae xi mat e
the TC approaches the coast, shieface wind stress become increasingly important and constitutes the primary
forcing. Therefore the accuracy of a storm surge forecast depends on the correct estimation of the distribution of
the wind and pressure fields, in particular in the vicinityhef coast.

The f#fr adi a tnotlerorcingwhiehss siuie toithe presence of the short waves induced by the
wind. As a result, varyin@or gradient ofradiation stresses induce changes in the mean surface elevatian (
setup and the mean flowaveinduced currents)The radiation stresses depend on wave parameters such as
wave height, wave period, and wave direction. Thus, in order to obtain accurate estimate on wave setup, it is
essential to have accurate simulation of rsfmre wave fieldsHowever, several authors considered that t



radiation streseffectis negligible (see Alimov 2005): for this reason this forcing has not yet included in the
hydrodynamic model.

3. ATMOSPHERIC FORCING

3.1. Data sources

Several methods have been developed to infer the pressure and wind fields, as shown in Cardone et al.
(2009) and in Dube et al. (2010).

The first possibility to infer pressure and wind fields is to use the numerical weather ®peoaisted
at the globd scale by the Global Forecast System (GFS) and the ECMWF, while GFDL and HWRF hurricane
modelsprovide forecastat regional scaleBelow a brief description of the data provided by these models is
presented, while a complete descriptionhefothers TCforecasting models is in Heming et al. (2010).

The second possibility to infer pressure and wind fields is to use a parametric model. This approach
develops an idealized representation of the TC, based on few key parameters. Typical parametefsare the
track (hich define TC eye location and translational speed), maximum wind speed or minimum central
pressure (to characterize intensity), and the radius of maximum wind (to define size). This method solves
simplified equations and therefore is veopustand widely used in storm surge modeling. Several parametric
model s exist; the most used is the Hollandébés model
information on the parametric models can be found in Jelesnianski et al. (1992), Thethals¢h996), Harper
(2002) and Jakobsen et al. (2004).

In Section 3.1.1 a brief description of several forecasting data sources for the numerical weather
forecast (Global Model Products and TC Model Products) and for the parametric model (TC parametric
products) is presented. Instead a PO®ialysis TC paramet product (Best Track) used in our analysis is
presented in Section 3.1.2. Some comparisongiaeain Section 3.1.3.

3.1.1.Forecasting Products

1 GLOBAL MODEL Products

The Global Forecast System (GFS)The global model of the NOAA Environmental Modeling Cente
of the National Centers for Environmental Prediction (NCEP) is part of the GFS. The model is based on the
usual equations of conservation of mass, momentum, energy and moisture. The output is posted to a 0.5 degree
equally spaced in longitude/latitudetii3-h forecast interval to 180, cycled 4 times per day (0000, 0600,
1200 and 1800 UTC), with 47 vertical standard pressure levels. More information are on-INIC2A web
site (ttp://www.ncep.noaa.goy/ Surgi ¢ al. (1998) and Campana et al. (2005). The GFS data can be
downloaded alttp://www.nco.ncep.noaa.gov/pmb/products/gfs/

ECMWF deterministic model: The ECMWFgeneral circulatiordeterministicmode| T1279 L91,
consists of a dynamical component, a physical component and a coupled ocean wave compotasit. The
operational version has a resolutegproximatelyof 16 km. The Global forecasting products haveo8rs time
interval from T+0h to T+14h, and éhours time interval from T+150h to T+240h. More information can be
found athttp://www.ecmwf.int/products/forecasts/quide/The _ ECMWEF_global_agbhmersc_model.html

1 TC MODEL Products

GFDL TC model: The GFDL hurricane TC dynamical model is a limitatea, grigpoint model
designed specifically for TC prediction. The GFDL runs from an updated and improved version of NCEP global
model, it obtains its dundary conditions from a global dynamical model such as GFS and it is coupled with the
Princeton Ocean Model (POM). The current GFDL hurricane model consists of anggibd grid
configuration: the outermost grid spans 75°x75° with 1/2° of resolutf@middle grid spans 11°x11° with
1/6° of resolution; while the innermost grid spans 5°x 5° with 1/12° of resolution. The GFDL hurricane
forecasts are produced every six hours (00, 06, 12, and 18 UTC) out to 126 hours for up to four TCs at a time.
These drecasts are available about five hours after the primary and intermediate synoptic times (0000, 0600,
1200 and 1800 UTC). More information can be found at GFDL web Hite:/{www.gfdl.noaa.goy/and he
model déa can be downloaded from the NCEP ftp serfter/(ftp.ncep.noaa.gov/pub/data/nccf/com/hur/pyod/

HWRF TC model: Development of this model began in 2002 at the NEERvironmental Modling
Center (EMC) in collaboration with the GFDL scientists and the University of Rhode Island. HWRF is a non
hydrostatic coupled oceatmosphere model, which utilizes highly advanced physics of the atmosphere, ocean
and wave. It makes use of a wide e#yi of observations from satellites, data buoys, and hurricane hunter
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aircraft. The ocean initialization system uses observed altimeter observations, while boundary layer and deep
convection are obtained from NCEP GFS. The current HWRF model has a nas®dgm with an outermost
domain and a nested grid with resolutions of 27 and 9 km respectively, 42 vertical levels and a domain of 75° x
75°. The HWRF provides operational guidance for forecasters at the NHC itheo#tlantic and East Pacific

basirs. The hurricane forecasts are produced every six hours (00, 06, 12, and 18 UTC). These forecasts are
available about five hours after the primary and intermediate synoptic times. More information can be found at:
http://www.emc.ncep.noaa.gov/HWRF/index.html and the data can be downloaded at
http://www.nco.ncep.noaa.gov/pmb/products/hur/

1 TC PARAMETER Products

The most important sources of TC information are the TC bulletins provided byRegmnal
Specialized Meteorological Centres (RSMCs) and the Tropical Cyclone Warning Centres (T@\Mas)dix
A). These centerbave the regional responsibility to forecastl monitor each area of TC formatidvery &
hours the TC warning centers publish a TC bulletin, including information such as wind speed, pressure, and
track |l ocations which are used as i npThdinfornationandhe par a
format, included in each bulletin, vary from center to ce(feaff et al., 2010RMSC and TCWS web sites).
The Pacific Disaster Centre (PDC) set up an automatic routine which includes TC bulletins from all RSMCs
into a single database coverinfeC basins (JRC GDACS database).

NOAA NHC bulletin and GDCAS database are described below. In addition to the RSMC and TCWC
also other organizations such thg Joint Typhoon Warimg CenteJTWC) and the ECMWF, provide to the
public information about TCs to the public. These products are described below.

NOAA NHC bulletin: NHC issues tropical and subtropical cyclones every six hours at 0300, 0900,
1500, and 2100 UTC. The covere@as are the Atlantic and eastern Pacific Ocelms NHC bulletin contains
a list of all current watches and warnings on a tropical or subtropical cyclone, as well as the current latitude and
longitude coordinates, intensity, and system motion. The iityeingludes the analysis of the central pressure
(it is not forecasted), and the maximum sustainethifl average) surface wind analyzed and forecasted for
12,24,36,48, and 72 hours. The wind radii for 34 and 50 knots are fa@tastugh 72 hours, wheél the 64
knot radii are forecastl through 36 hours. More information are on the NONAC web site
(http://www.nhc.noaa.goy/ while a validation of the NHC products are in Cangialosi et al. (2011) and
Rappaport eal. (2009).

JTWC bulletin: TheJoint Typhoon Warning Center (JTW@B)the U.S. Department of Defense
agency responsible for issuing tropical cyclone warnings for the Pacific and Indian Oceans. TC bulletins are
issued for the Northwest Pacific Ocean, North Indian OcBaunthwest Pacific OceaBputhern Indian Ocean,
Cental North Pacific Ocean. JTWC products are available by 03Z, 09Z, 15Z, or 21Z (in the North Pacific and
North Indian Ocean tropical cyclone warnings are routinely updated every six hours, while in South Indian and
South Pacific Ocean are routinely updageery twelve hours). The bulletins include position of TC center, the
maximum sustained wind based ormin average and the wind radii. More information can be found at
(www.usno.navy.mil/JTWG/

JRC GDACS database:The data in the TC6s bulletins are not
they are difficult to use in an automatic system like GDACS. To overcome this problem, PDC set up an
automatic routine which includes TC bulletins from all RSMCs mtsingle database covering all TC basins
(Vernaccini et al., 20Q7http://www.pdc.ory. The NOAA bulletins are included for Atlantic, Eastern Pacific
and Central Pacific basins, while the JTWC bulletins are includetiéarest of the world.

ECMWEF Tropical Cyclone forecast product: it is designed to provide both deterministic and
probabilistic information on movement and intensity of individual TC. The system depends on observations
from various TC centres around the lWorOnce observations are available, the movement of a TC is
automatically tracked, both in the deterministic and the EPS forecasts. The tracking algorithm is based on
extrapolation of past movement and the dtna@pospheric steering flow to obtain a firguess position.
ECMWF's TROPICAL CYCLONE trajectory forecast products haveo@rs time interval and provide the
latitude and longitude of the TC cent®%, Vi With its position. More information can be found in Van Der
Grijin (2002) and at
http://www.ecmwf.int/services/dissemination/3.1/TROPICAL_CYCLONE_trajectory forecast products.html
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3.1.2.PostAnalysis Products
Below only one postanalysis product, which provides TC parametéid can beused as input in
Hol |l andds model , i s s h-analysis prdtioatsecan ibenfouadr im@atdone et al.2009p o s t
and in Heming et al. (2010).
1 TC PARAMETERS Product

The first soures of postanalysis data are tHeest Track (BT) databases, where all the information

required by the Hollandds model to infer the wind ant
TC6és Warning Centers. Thesmat danasenhs|l abhtaion skeebat:
as TCO6s center position, intensity and other paramet e

data. An example of BT database is the Ni@Aboddof hurric
TCs for the Atlantic Ocean, Gulf of Mexico and Caribbean Sea (HURDAT website,aoml.noaa.gov/hrjl/

NOAA best track data can be also downloaded from the Automated Tropical Cyclone Fore€s}t (afabase

at ftp://ftp.nhc.noaa.gov/atcf/archive/This dataset contains the best available-hsiirly representative

estimates of several parameters such as thagk, P., Rnaxand wind radii. Reagly a new project of NOAA,

International Best Track Archive for Climate Stewardship (IBTrACS), was formed under the auspices of the

World Data Center for Meteorologps hevi | | e . This project combines TCos
integrated dataseeadily available to the user community. The intent of the IBTrACS project is to overcome

data availability issues and to freely disseminate a new global dataset. More information are in Knapp et al.
(2010) and on IBTrACS websitétfp://www.ncdc.noaa.gov/oa/ibtracs/index.php

3.1.3. Atmospheric data set comparisons and discussion

In this Section the NOAA GFS and GFDL products are compared to show how these products simulate
the pressure and winfdi el d s . They are also compared with the out
Best Track data, to show how this parametric model simulates these Aetsnplete evaluation of GFS,

GFDL and Holl andds model c a rendér et alf (2007 ahd Hemingteal. (2610) et al
The data sources used aRAA GFS (0.5°), GFDL hurricane (1/12°) and NOAA Best Track.

The parameters compared are: mean sea level presssif énd surface wind speed1(, ul0xand
ul0y), where the windevel of the GFS and NOAA Best Track data isrhpwhile that of GFDL is 38n. The
TC analyzed is Earl, occurred in 2010 in the North Atlantic basin (Cangialosi, 2011).

Some comparisons dfarl forecasted datél® September 2010 12:00 U)@re presented iRigure2 -

Figure4.

Figure2s hows the mslp (a) and ulo (b) field of GFS (
model (bottom panel)Figure 2.a shows that the GFS resolution (0.5°) is too coarse to simulate the pressure
gradient inside a TC. The GFS simulat®@of only 986 mbar, while the Best Track value is 943 mbar. The
difference is of 43 mbar. On contrary tRe simulated by GFDL is very similar to Best Track data. The
difference is only 5 mbar. Thaslpfield derived from the NOAA Best Track data usingthe@ | | and6s mode
(Section3.2) is very similar to GFDLmsIpfield. Also the GFDLu10f i el d is very similar
model ul0 field. Both fiels are asymmetric, due to the effect of translational velocity, and both models simulate
aVomaxmor e than 55 m/ s. Al so the ulo field of GFS is asy
Vmax The value oV, for the GFS is lower than 4@/s. Therefore, as for thaslpfield, the GFS resolution
(0.5°) is too coarse to reproduce accuratelyuh@field. Instead the GFDL model with a resolution of 1/12° is
able to represent accurate mslp and ul0 fields.

The GFS resolution is also too cearto represent the two componentadd, ul0x(Figure 3.a) and
ulOy(Figure3.b).

Figure4 shows thanslp(a),ul0(b), ul0x(c) and 10y (d) profiles for the latitude of TC centerhe
minimum of pressure ifrigure4.a represents the pressure of TC cerfg). As in Figure2.a, the GFS is not

able to reproduce this parameter, while theFiguresults ¢
2.b, the GFS is not able to reproduce adequatgly The figures of the two componentsudfO, ul0xFigure
2c) andulOy(Figure2d ) , show t hat an effect determines an Ainfl

be found in SectioB.2

In Tablelt he values of TCOs cent eVYynandR; arepresented(folthet i t ude
three data sets analyzed (GFS, GFDL, and BG@F®LE Tr ack)
model corresponds at the position of the minimum of the pressure field obtained analyzing the pressure field.
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Figure2-EARLG6s surface pressure field (a) and 10m

and Holland (Bottom) data for the I of September 2010 (12:00 UTC).
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EARL GFS u10y (mfs) (2010090112)
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Figure 3 - Same agrigure 2 but for x-component (a) and ycomponent of the 10m level wind field.

09/01/2010 (12:00 UTC Longitude Latitude Pc (mbar) Vmax (m/s)

BESTTRACK -71.60 | 24.50 943 56.6
GFS (0.5°) 7125 | 24.25 986 37.5
GFDL (1/12°) 7158 | 24.48 948 66.9

Table 17 Track (Longitude and Latitude), P.and Vimay 0f TC Earl using different data sets for the ' of
September 2010 (12:00 UTC).
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The comparisons presented Figure 2 to Figure 4 show that the GFS model does not simulate
accurately the pressure and difields: the reason is that the global atmospheric models were not designed to
resolve the extreme pressure gradients associated with TCs (Van Der Grijin, 2002), (Kuroda, et al., 2010).
However, the gl obal model s ar gDubejedd.] 2010)uReeedtly, ewaral T CO6 s
improvements have been made to the global models resolution. The new version of the NOAA global model has
a resolution of 27 km, while that of ECMWF is 16 km. After this recent improvement, the global models could
be able to reproduce the extreme gradient inside a TC as shown in (Miller, 2010). In future these global products
could be used to reproduce the accurate atmospheric forcing in storm surge modeling.

TC models, GFDL and HWRF, use a high resolution nest&l ground 10 km, to represent the

stormbébs dynamics, therefore they can predict adequat
adequately the pressure and wind fields that could be inputted to storm surge codes like HyFlux2: unfortunately
thee data sets are not available in each TCés basin.

Concluding the atmospheric forecast products, like GFDL regmoalucts, which providan accurate
pressure and wind fields, are not yet globally available, or are available only femnabgsis. Thexfore the
Hol l andés model seems at the moment the more advanta
the global storm surge forecasts requested by GDACS.

EARL Central Pressure (mb) 20100901 12:00 (t=132) EARL Wind Speed (U10) 20100801 12:00 (t=132)
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Figure4-EARLOGs pressur e (-@)yd) comporgnt of wisdespeed(fdn the latitude of the
TC center for the ™ of September 2010 (12:00 UTC).
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322Hol l andb6s parametric model

The Hollandds model (Hol Il and, 1980) is the most
modeling (Tang et al., 1997; Vickery et al., 2009). Below a brief description of the model with the recently
improvements of Holland (Holland et al., 2010) are @nésd.

MODEL CHARACTERISTIC810LLAND1980)

The primary assumption of Hol |l andds model (Hol Il a
pressure field follows a modified rectangular hyperbola as a function of radius (Schloemer, 1954). The pressure
field is then obtained from the following equation:

. ﬁ,ll
F> ks Yhw (2)

ar

where:
1 P(r) = surface pressure at a distander om t he TCés center (Pa);

YO 0 0 =Pressure drop (Pa):
P. = central pressure (Pa);
P, = environmental pressure (usually taken as the pressure of the last closed isobar, Pa);

Rnax= radius of maximum wind (m);

=A =4 =4 -4 =4

B = Scaling factor (peakednes#)defines the pressure and wind profile shape (1+ 2.5).

The gradient level winds are then derived by considering the balance between the centrifugal and
Coriolis forces acting outward and the pressure force acting inward.

LR M (3)

2+ »
where:

T V() = gradient level wind at a distancé r om t he TC6s center (m/s),;
f = Coriolis parameter’Q ¢] i Qg

¥ rotation rate of the Earthy® x ¢ ¢ muptrt O Ard) ;

/ = latitude;

= =4 =4 =4

}a = air density.
In Holland(1980) the air density is assumed constant (1.153%g/m

By substitution of the pressure gradient obtained from Equation (2) into the balance of forces Equation
(3) and solving in respect the gradient wind fielg)( the following is obtained:

. fo4.l
n> L e 4 (4)

In the region of maximum winds where the Coriolis forces are small in comparison to the pressure

gradient the previous equation becomes:

|| dot.|
™ > ﬁ*—:ﬂ b ow (5)

2 This is not a strong assumption if one considers that, in an adiabatic expansion, for a change of pressure of 100
mbar the change of density is 0.08 kg/m3, i.e., tless 8 %.

3 the air is in Cyclostrophic balance, i.e., the pressure gradient is compensated by the centrifugal force (Holton,
2004)
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The maximum wind speed/(.,) is the wind speed at a distance equaktg, therefore by substitution
of r with Ryaxin Equation (4) one obtain
IET;

ma

ToFe (6)

From this equati onBdambe deHwed as llowinlys par amet er

Totetm
I R (7)

The Holland (1980) model is ax&ymmetric, so several additional phenomena must be taken into
account in order to modéhe real asymmetry of the wind field. Factors that can contribute to the asymmetric
structure of a TC ar etent rhodon.fSinde d980, semeralbimpdovemdnts haVeChéenn sy s
made to take in to account these factors. Following the most important improvements are presented, while a
complete statef-the art are in Harper et al. (2001).

Theoretically, surface friction in mawe waters must be included when converting the gradient Winds
to surface winds. In order to obtain the surface winds, a boundary layer wind speed and an inflow direction
correction has to be applied to the gradient winds.

The adjustment to the surfaceo(imdary layer correction) is based on the logarithmic deficit law
approach, whereby the nesurface boundary layer profile at any height z is a function of the surface roughness
Z, and the reference wind speed (Powell, 1980). These assumptions peroatsulate surface (at +10 m)
velocity (V) using a boundary layer coefficient (Harper et al., 2001). Recently (Holland et al., 2010) proposed a
(revised) model to describe directly the surface wind profile, incorporating into the equation the boundary laye
effects.

The inflow angle correctibon n( +Nooritrh e3 ovu tHeenrins pHemie
represent the crogsobaric flow caused by surface friction (Harper et al., 2001). Usually this correction is
approximately 25° in the outer regiobut reduces to zero near the radius of maximum wind. In the method
presented in this work, the following values proposed by Harper et al. (2001) are used:

';" ’ =|D“I+- l =|D=|=o
z =|DI+. 4‘D+. T8 404, (8)
l:l’ 'I 8=|D=|=o

More informationcanbe found in Shea et al. (1973) and Sobey et al. (1977).

The movement of the TC is one of the factors which produce complex changes to the surface winds.
Therefore the moving veldg vector of the TC (translational velocity;) is added to the surface wind speed,
reproducing the cyclonebdés asymmetry. I n order to ta
disappears irthe region far from the cyclone eye, the speddis multiplied by a weight that decays
exponentially with the distanae

When a TC is inland, another factor must be included to simulate the wind field. Kaplan et al. (1995)
devel oped an empirical model t o pr e dre mformdatidnerre ma x i mu m
Powell et al. (1996) and Bhowmik et al. (2005). Inland phenomena are not included in the model used at JRC to
infer the atmospheric forcing because for storm surge simulation only the interactions between wind and marine
water are tken into account.

MODELREVISED(HOLLAND2010)

Recently Holland et al. (2010) proposed a revised model able to reproduce surface wind fields with
height accuracy, eliminating the needs of first calculating the gradient wind and then reducing this field to the
surface by taking into account the boundiayer effects. They introduce a variable exponetd simulate the
wind in the core (where the effect of the boundary layer is considered negligible) and the external regions.
Therefore, lhe wind field is given by:

"_' ﬁv”'y &,Hv'

™™ L — (9)

* Non-geostrophic winds which blow parallel to isobamhere there are no frictional forces and the pressure
gradient andCoriolis forces are compensated by the centrifugal forces
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where the subscriptrefers to the surface values at a nominal height of 10 m.

I n the previous Hol kwas fixecsat Grboathckil wag ilmpossibleatd sirsulate f
correctly the wind in both regions (Willoughby, et al., 2004). In Holland et al. (2010) they shovhégrofile
could be adjusted using the following expression

8 > =|D+o

.. 10
8 > =|D+.ﬁ. | 4 =|D=i=0 ( )

wherex, is the adjusted exponent used to fit the peripheral observations atrpadius

This new revised version simulates the whole wind profile (core and external) and includes also a
capaity to incorporate additional wind observations at some radius.

CONSIDERATIONS

In Table2t he required Holl andds parameters are shown
pressure and wind fields of an historical TC the faostlysis best tracks data can be used to derivetuested
parameters. I nstead when Holl andds model is used as

because some of t he qfBL,Baaredd aways avaiabtednttre TG bulletens. g .

Several methods have been devebbpo estimateB (e.g. Vickery et al., 2000; Harper et al., 2001
Jakobseret al . 2004; Vickery et al ., 2008) , because it
both the maximum wind speed and the shape of the outer wind profile.

Operationa TCbs centers t hr ough enedsurerdlationskipsr(Hacper, . 2808; di f f e
Courtney et al., 2009) to determiig,., and P.. A complete description of these relationships is presented in
Knaff et al. (2010), while in Knaff et al. (2007)etimost used are reexamined. Various factors influence these
pressurewind relationships (Kieu et al., 2010). Moreover there is a lack of suitable observational data that
makes validation difficult (Knaff et al., 2007; Knaff, et al., 2010). These empnetationships are not used in
the JRC method.

Time time S

Latitude q °

Longitude o °
Central pressure P Pa
Environmental pressure P, Pa

Radius of maximum wind Riax m
Maximum wind velocity Vinax m/s

B (peakednessbd B -

X (scaling factor to adjust the profile shap X -

Table2-Hol | andds model parameters.

In addition to the TC bulletins there is also the ECMWF TC trajectory forecast product which provides
P., Vinaxand the location of the TC center as well as the location of the area of maximum winds. Several studies
show that the ECMWF model simulates very well the TC t(dslagi, et al., 2010)but the coordinates of the
area of maximum wind (used to infBf,.) are not provided with height accuracy. Moreover this product is not
free-downloadable.

In Table3theHo | | andds par amet eTrask, Bulletns &nd BGMWI tajasefsare Be s t
presentedAs shown in this Table there is a lack of a global and free downloadable dataset which provides the
Hol |l andés parameters. This has |l ed the JRC ta@ develo
the wind Radii data, which are available since the past decade in each TC bulletins.
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KATRINA X X X -
é NARGIS X X X X
> YASI X X X X
EARL X X X X
KATRINA X - - -
8 | NARGIS X - - X
o YASI - - - X
EARL X - - X
KATRINA X X - X
o | NARGIS X - - X
8 [ vasi - - - X
EARL X X - X
Table3-Hol | andés parameters availability in Best Trac
3.3. Wind radii treatment
JRC has developed a Monte Carlo method to infer
bulletins (e.gRnwax P P), usir® the wind radii data archived in JRC database. Following a description of this
method with somealidationis presentedT he deri ved Hol |l andés parameters ar
wind fieldsin the HyFlux2 storm surge simulations.
DESCRIPTION
This method is based on the recently revised Hol
Section3.2 using as input the information provided in each TC bulletins: the coordinates of TC tehtand
Long), maximum of wind speed at 10m lev®t.(,) and the three wind radii at each quadrant (velocity indicates
asV, radius afR34, R50, Re4 This TC informatiord s inferred from the JRC database. In this database the
velocities are 4min averaged, therefore they are multiplied by a factor o0®@8Holland, 2008) to convert
them in 10min average. More information can be found in Harper (2002) and Harper et al. (2010).
FollowingistheHo | | and & s @&lpwhiahtpiovadas the Eugface wind profile not including the
Coriolis effect and the traslational velocity.
o o Aokl ®
e T A (11)
7+ >
>4 OFe
* 8 1o ToT (12)
where:
1 V=wind radii velocity expressed in m/s
1 r=radius of wind radi{km)
1 Runax= Radius of maximum windkm)
1 gp= Pressure drop expressed in Pa (1 Paxbh0)
J.=air density = 1.15 kg/fh
1T B=Peakednessods factor
1 x=scaling factor to adjust the profile shape
1 k= coefficientbetween 0 and 0.15
1 Max()=500km
An importantconsideratorhas t o be pointed out i fsimuldtealtHeo!l | and6

guadrantsNE, NW, SW, SEt the same time: the wind radii data afgyinclude the translational velocity of
TC; therefore this effect has to be subtracted froevtind radii data when the Eq. Kklused.
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The translational velocityM) and the angle of motiory | are calculated from the TC positions
(latitude and longitude) at time The translational velocityis multiplied by a weight(w) that decays
exponentially with the distandeom the TC eydr) as follow:

T TR (13)
R Ho A

°n H (14)
where:

1 Wt = translational speed of the TC centaultiplied by an exponentialveight,

1 V= translational speed of the TC center;

1 w = weight that decays exponentially with the distafnoen theTC eye center

1 r=distance from the TC eye center

T Rmax=20kn

1 By=15.

The translational velocit{tod , obtainedfrom Equation13, is then projectedn the direction othe
tangential wind velocity ") in each quadra (Q). Therefore thetranslational velocity in each quadrgif ) is
calculated as follow

TW: TEYROW T gF "Hi ¥z "HU B iy oz f’# (15)
where:

Q = Quadrant NE, NW, SW, SE

Go = Quadrant Anglegne = 45°, gaw =135°, gsw=225°, gse =315°;

g%~ Angle of tangential wind velocity g + 907,

/ = Angle of TC centermotion calculated counterclockwise respect the correspondent line of
parallel.

=A =4 =4 A

Finally the translational velocity obtaéd issubtracted from the wind radii velocityhe Coriolis éect
is also subtracted from the wind radii, since this effect is not included in thElEGhe same is done for the
maximum velocity.The obtained wind radii and,,,xare then used in a Monte Carlo method to infer the value
of Rnax P, . Birstly X random tripletsRy.« gopPand kare created by a random no. generator, with the
minimum and maximum value shown Table4. Then for each couple &, .,andgp® he Hol | andbs par
B is calculated using the E@.
The N values ofRy. P , andB are introduced in Edl1 to obtain the wind speeds at distanBsg}
R5Q0 R64 The parameters that minimize the rootansquare error (RMSE) are chosen as input for the
Hol l andés model to simulate wind and pressure fields.
ForN<1 06000 the r esul tHEgureS mn this igurg thesresgts & f andgaHot | vy (
TC Earl, obtained varyindN, are presentedror a valueof NO dA®00 the results became
considerations are found comparing thiA8 and RMSE, as shown iRigure 6. For N<108000 the RMSE
varies significantly(Figure 6b). However for anyvalue ofN, the RMSEis of the same ordeof the stepfor
which Vs is providedin the TC bulletis, which is around5 knots The time required to apply the method for

each set ofvind radii usingN=106 000, i s few seconds.
Rmax (M) 5000 Min (R) * 0.99
P (m 5 200
k() 0 0.15
B() 0.8 1.8

Table 4 -Minimum and maximum value used in the Monte Carlo method.

® This is done in order to take into account that the effect of the movement of the tropical cyclone should
become negligible for high distance from the eye. For this purpose the decay law isteithiéapressure decay
law.
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Figure 5 - Radius of Maximum wind and Pressure Dropof Earl of Bulletins 18-38, obtained from the
wind radii treatment varying N.
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Figure 6- BIAS and RMSE of EARL of Bulletins 18- 38 obtained from the wind radii treatment varying
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RESULTS ANDISCUSSION

Some results obtained from the wind radii treatment for the TCs Earl, Nargis and Katrina are presented
below. The advisories (time 0) of the TC bulletins provided in GDACS database are used as input for the wind
radii treatment for Earl and Nargis, whil®XA Best Track are directly used for Katrina.

Two examples of wind profile obtained from the wind radii treatment are presented, then the
parameters obtained from the wind radii treatment, using all the advisory data (time 0) of each TC bulletin for
TC Eat and Nargis, are compared with the Best Track data. NOAA Best Track data are used for Earl and
Katrina while RSMC (New Delhi) and JTWC best track data are used for Nargis (only the Pressure Drop
obtained for both TCs are presented in this Section).

In Figure7t h e

Ear | 6 sonisi Semtemiper 2010i(15:60 UTB)presented, ifrigure 8 the

Nargiswind profile on 30 April 2008 (12:00 UTC), while ifrigure 9 the Katrina wind profile on 27 August

2005 (12:00 UTC). I n these figures the

bl

ue

parameters obtained from the wind radii treatment, while the red marks represent the winkhteadiihe

Coriolis effect and the translati@h velocity are subtracted from the wind profile and from the wind radii data.

RMSE and BIAS obtained from the wind radii are very low, for both TCs, as shoivabie5. The
BIAS is negligible while the RMSE is in the order of3In/s, which is lower than 10 % of the wind velocity.

EARL 1 September 2010 (15 UTQ 2.69 | 0.092
NARGIS 30 April 2008 (12 UTC) 0.78 | -0.060
KATRINA 27 August 200%12 UTQ | 1.35 | -0.051

Table 5 - Examples of RMSE and BIAS for EARL, NARGIS and KATRINA.
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Figure 81 Same agrigure 7 for TC Nargis (30 April 2008 12:00 UTC = 27 April 2008 12:00 UTC +72 h).
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Figure 9- Same adrigure 7 for TC Katrina 27 August 2005 12:00 UTC.
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Time history pressure dropsbt ai ned fr om t he fcomparatl with éhdse of Bdstr e at me
Track data sets for EarfFigure 10) and Nargis Figure11). The red linaepresents pressure drop from the wind
radii treatment, while the blue line those from the Best Track data s&tsadrthe green line represefusEarl
the pressure drop provided in the Advisories data (this parameter is provided in Atlantic BagrfpriNargis
the pressure droprovided in JTWC best track data.

The pressure drops obtained for TC Earl are consistent with the NOAA Best Track data and advisory
data before the advisory 34 (2 September 2010 21 UTC). After this date there are highatifeThe reasons
of these differences are still under evaluation. For TC Nargis, the wind radii treatment results are consistent with
those of JTWC, while there is a big difference with
mbar, while that bRSMC is 962 mbar (Kuroda et al., 2010). The RSMC usemibOaveraged wind, while
JTWC uses Inin. This could be one of the reasons of this difference between the RSMC and JTWC data.

Concluding thepressure drop profilebtained from the wind radii treaentis consistent with the
values provided by thBestTrack data. Therefore thebtainedHo | | anddés parameters will
atmospheric forcing wind and pressure fieldsfor the HyFlux2 storm surge simulations. This method can be
applied n all TC basins becaudeis using the world available wind radii data provided in each TC bulletin.

jre - ispra vpl, 1ev 5.0 07/0811
T T T T T T T T T T T T
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90 Best Track
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Figure 10- Earl Pressure Drop (time 0 = 27 August 2010 03:00 UTC).
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Figure 11 - Nargis's Pressure Drop (time 0 = 27 April 2008 12:00 UTC).
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4. STORM SURGE SIMULATIONS

The Holl andds parameters are obtained from the wi
Nargis and YasiFor Katrina, the NOAA Best Track data are used as input for the wind radii treatment, while
for Nargis and Yasi the bulletins advisories (time 0) available in GDACS data base are used. Therefore the
obtained Holl andbs par aospherefoscinga wirel and presguretfi@lds forntteer t h e
HyFlux2 storm surge simulations. The final results of the hydrodynamic simulations are the inundation maps
(the area affected by flood), and the maximum water height in the coastline. The simulaipesf@med in
two steps: a first simulation is done on a large area, adopting a grid size of 2min (about 3600m) and then a
nested simulation with a 0.25min grid size is performed, allowing to identify the inundated areas with more
detail. The simulationare performed from the first time when the TC is advised tarfalie land

4.1. KATRINA (23 -30 August 2005)

Katrina was one of the most damaging TCs disasters in the history of the United States, causing
fatalities and damage in several regions (soutkéorida, Gulf of Mexico, Louisiana and Mississippi, Florida
panhandle, Georgia and Alabama). At least 1836 people died, the most significant amount of deaths occurred in
New Orleans, Louisiana.

Katrina formed over the Bahamas on August 23 and crosseHesoutlorida (first landfall) as a
moderate Category 1 hurricane on Saffimpson Scale (Appendix B), causing deaths and flooding. After
Katrina moved westward, entering in the Gulf of Mexico, and began strengthening rapidly, reaching Category 5
on Saffr-Simpson Scale, with a maximum wind of 150 kts and a minimum of pressure of 902 mbar. After the
hurricane weakened to Category 3 and on August 29 it made the second (near Buras, Luisiana) and third landfall
(near Luisiana/Missisipi border) on the north&ulf coast. Strong winds and an elevated pressure drop created
an extreme storm surge, causing fatalities and damage. Most of the damage had due to a secondary effect of this
surge:the surge caused a rise of the level of Lake Pontchartrain, strainingvtee system protecting New
Orleans, and on August 30 significant failures in this system occurred, pouring water into the city which sits
mostly below sea level. After creating death and destruction in Louisiana, Mississippi, and Alabama, Katrina
moved mrthward into Tennessee and Kentucky and points northeast from there, dissipating on August 30. In
Figurel2Kat rinab6s track is shown.

More informaton can be found in Knabb et al. (2005) and in Graumann et al. (2006).

D Tropical depression
D Tropical storm

D Category 1

D Category 2

[ category 2

I:‘ Category 4
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O unknown

. Tropical cyclone
. Subtropical
cyclone

Extratropical

A cyclone !

Remnant low

Figure 12 - Katrina's track (Sourcehttp://en.wikipedia.org/wiki/File:Katrina 2005 track.png).

The pressurefld obt ained using the wind radii Figueat ment
14, while the wind filed is irFigure15. These figures show the intensity and the track of Katrinkigare 15
three of the thresholds used to represent the buffer of wind correspond to the values of the wind radii data 64, 50
and 34 knots. Two others threshold are used to shown ¢heaffiected by winds lower than 18 m/sHigure
12 the intensity of Katrina is shown using the Sa8impson Scale described in Appendix B. Katrieached
Category 1 over the South of Florida. The velocity of winds of Category 1 is between 33 and 42 m/s. In our
wind map a value higher than 33 m/s has been found after crossing this area. Two examples of Katrina wind
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analysis obtained using winddiime t h o d a n dnoddlpfbr PBAuglugt 2005 (12 UTC) and 29 August
2005 (12 UTC), are presented Figure 13. In these figures the wind speed counters are in kneigure 13
(left) shows the wind field of Katrina when it was a hurricane of Category 5,wsith strong winds (with a
maximum of 136 knots), whil&igure 13 (right) shows the wind field before the landfall in Louisiana. A
complete reconstruicn of Katrina wind field can be found in Powell et al. (2010).

The atmospheric forcing obtained is then used in HyFlux2 to simulate the inundation &igaréi7
the inundation map (0.25 min grid size) of the most inundated (Gulf of Mexico) is shown. NOAA
inundation map- a poststorm Landsat satellite imageryof the same area is presentedFigure 16. The
inundation area simulated by the hydrodynamic model is consistent with the observations. A difference can be
found in the area of New Orleans, because the satellite image captutieeailemd due to the problems at the
levee system, whila the simulatiorthese infrastructureave notbeenconsidered.

Also the maximum heights simulated by HyFlux2 are consistent with the observations. A maximum
height of 7.22 m is simulated in thegien of Pass Christian and a valueBo4 mhas been observex this area
(Graumann et al., 2006). A complete storm surge analysis is presented in NOAA storm sur§e Teeort
observed data shown in this article are compared with the HyFlux2 simuldtlmmsesults of this comparison,
for the area most inundated, are presentedable 6. The difference between the simulations and the
observations a@rless than 1m for five cases, while for two is more than 2 m. The reasons of these differences are
under evaluation.

The rainfall amounts from Katrina, though rather high in some places, were not the mainahtpict
storm, therefore are not evaluaiadhis report.

Dauphin Island , AL 30.25 -88.075 1.564 | 1.942 -0.378
Horn Island, MS 30.23833| -88.6667 | 2.876 | 1.898 0.978
Ocean Springs, MS | 30.39167| -88.7983 | 4.075 | 4.043 0.032
Biloxi, MS 30.41167| -88.9033 | 4.376 | 1.316 3.060
Waveland, MS 30.28167| -88.3667 | 2.068 | 2.737 | -0.669
East Bank, LaBranche, 30.05 -90.3517 | 2.154 | 1.865 0.289
Grand Isle, LA 30.26333| -88.9567 | 4.072 | 1.739 2.333

Table 6 - NOAA Maximum water levels (MWL) for Katrina compared with those simulated by HyFlux2.

KATRINA (2005082812); Model wind field (Knots) KATRINA (2005082912): Model wind field (Knots)
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Figure13iKatrinaés wind field obtained using the Hol
(left) 28 August 2005 (12 UTC) and (ight) 29 August 2005 (12 UTC).

® http://tidesandcurrents.noaa.gov/publications/HurricaneKatrina2005PreliminaryWaterlL evelsReport.pdf
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Figure 14 - Katrina's maximum pressure fields expressed in mbarobtained using the wind radii
treatment and the Hollandés model

Figure 15 - Katrina's maxi mum wind field expressed in m/spbtained using the wind radii treatment and
the Hollandds model
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