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ABSTRACT _

HUBBERT, G. D. and MCINNES, K. L., 1999. A Storm Surge Inundation Model for Coasta l Plan ning and Impact
Studies. Journal o( Coastal Reseurch. 151I I, IG8-1 85. Royal Palm Beach t Florida l, ISSN 0749-020R.

A high resolution storm surge inundat ion model has been developed to model coasta l flooding due to storm surges.
The storm surge model. which features a nesting capability and inunda tion a lgorithm, is described. The flooding an d
draining rat e is dependen t on the modelled current in adjacent 'wet' gr id cells which ensures reali st ic and smoothly
varying results. Model simulat ions are ca rried out in two distin ctly different geogra phic regions. The first of these is
th e town of Port Hedlund on the north west coas t of Australia which was severely inundat ed by a tropical cyclone­
induced storm surge in 1939. The model is shown to reprod uce t he peak flood levels and a reas of inu ndation to a high
degree of accuracy. Storm surge heights at the coast produced by a 'fixed-coastl ine' ver sion of the model a re compar ed
with the inundation model results and indicate an overes t imation of the storm surge height s by up to 171';' . Simulat ions
are conduc ted with vari ed hor izontal resolution to invest igate the robustn ess of the model. The flooding ra tes an d
a reas of inundation are relatively unaffected by moder at e var iat ions in horizonta l resolution. The second region stud­
ied is Port Phillip Bay, upon which the city of Melbourne is locat ed. The model is used to simulate the storm surge
and inun da tion produced by two separa te cold fronts. The vulnerability of two locations withi n th e Bay is invest igated
und er altered sea level and storm st re ngt h condit ions to demonst rat e the potenti al impact of climate change. In a
final simulat ion, levee bank s on th e tribu tari es draining into the bay a re removed. The vastly increased inundation
serves to illust rate the importan ce of maintaining and possibly increasin g flood protection measures in this region in
th e future.

ADD ITIONAL IN DEX WORDS: Tropical cyclones , cold [rant s , coas tal flooding, clima te cha nge, sea lercl rise.

INTRO DUCTIO N

Depth-integrated hydrodyna mic models ha ve wid e a ppli­
cation in the modelling of sea level heights a nd currents on
con ti nen tal sh elves du e to tidal forci ng or stor m su rge s . Ap­
pli cations of these models can include sea s ta te and tidal for e­
cast ing , disa ster planning and management, and coastal en­
gineering a nd stor m impact st ud ies ,

Hydrodynamic mod el s ca n he sub-d ivided into two ca tego­
ries a ccord ing to the method used in treating t he coastal
boundary that separate s op en water from land . In the fir st
of these , refe r re d to here a s 'fixed-coa st' mod els , the coastlin e
is treated as an infinite wall agai ns t which water lev e ls ca n
rise a nd fall. This method is the s im plest to im ple ment , th e
most econom ica l to r u n and s uita ble for model s im u la ti ons
requiring relatively low grid resolution (i.e, gr id spa cing of 1
km or gre a ter) such a s in operational st or m su rge for eca sting.
Ex amples of such a pplica t ions ca n be found in H UBBERT et
al . (1990 , 1991) , FLATHER et al . (991), FLATHER (994) a nd
KONISHI (199 5 ).

An a lte rnat ive approach is to treat the land-water interface
a s a moving boundary with in land grid cell s becoming flood ed
a s sea lev els at the coast in crea se du e to rising tides or sto r m
surges, a nd draining a s t he water recedes . For high resolu-

97076 received an d accept ed ill reoision 20 April 1997.

tion inundati on forecasting (e.g. J ARVI NEN and LAWRENCE,
1985 ) or for flood level a na lys is , coa stal planning a nd engi­
neering application s wh ere information on flood level s and
inundation exten t arc required at re lati vely hi gh horizonta l
resolution (i.e , gr id spacin gs typically less t han 1 krn ), this
a pproach is the most su itable.

Increa s ing concern a bout a n t h ropogenic climate change

ha s crea t ed a g reater awa reness of the need to undertake
impact studies in poten t ially vu ln erab le coa stal regio ns .

Sto r m surge inundation models arc an idea l tool for add res s­
in g this problem, Im port a n t factors in clude the con sequences

of a mean sea level ri se a nd possible cha nges to t h e frequency
a nd intensity of se ve re storm su rges. Storm su rge inundation
mod els can be used to investi gate th e im plica t ions of possible
changes in terms of worst-ca se scenarios of flooding a nd can

provid e a ba si s for formul ating mitigation s t ra tegies . For ex­
a m ple, FLATlI l.:R and KHANDKEH (993) ha ve undertaken a
study to investigate t he effects of a rise in se a lev el on storm

su rge inu ndatio n in the Bay of Bengal. The effects of sea level
r ise as well a s changes in s torm st re ngt h a re a lso in vestigat­

ed in th e present study for a location in sout heas te rn Au s­
tralia . In addition, the rol e of exis t ing flood protection mea­
HUrl' S in t he regi on are exa m ine d.

Various a pproaches for t he treatment of moving bound­
ari es in s tor m s u rge model s can be found in the literature
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THE MODEL

Equations

Th e non -l inea l', dep th-in tegra ted momentu m equat ions
a nd continu ity equation solved by th e mod el a re :

Th e bottom st res s is repr esen ted by a Ma nning's II depth­
dep endent fr icti on rel ation following S IC- NELL a nd BUTMAN,
( I ~J 92 ) :
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whe re lu.,1 = III,: + u,:)' ", u" a nd o; a re th e hori zon tal com­
pone nts of win d ve locity nea l' t he ocea n su r face , p" is th e den­
s ity of a il', a nd C" is the dra g coefficient based on SMITH a nd
BANKE ( 1975) a nd expres se d as follo ws :

whe re V a nd V are th e depth av eraged currents in the x and
y direct ions resp ect ively, I-! is t he to tal water de pth , ~ is th e
sea su r face eleva t ion, j' is th e Corio lis pa rameter, g is the
acce le rat ion du e to gravity , III is the map factor (a sca ling
facto r dep e ndent on th e chosen map project ion of the model
grid) , P is th e a tmospher ic su rface pr essure, p,.. is t he wa te r
den sity, II is th e coefficie nt of viscosi ty a nd T." a nd T" repre­
se nt th e su r face win d s t re ss a nd T,,, and T,,, , t he bottom fr ic­
t iona l s t ress in th e x a nd y directi on s, respectively.

T he su r face wind st ress compone nts a re com pu ted using
the qu ad ra ti c re lationsh ip:

where II has t he va lue 0,0264 . Th is for mulation ens ures th at
the dra g coefficient incr eases with decreasing wa ter dep th
a nd is a pplied to water depths greater than 1 m. In ext re me ly
sha llow wa ter a nd over land poin ts tha t become inundated ,
drag coefficien ts are s pecified at each gr idpoint ac cordi ng to
th e terrain type.

a nd a review of t hese methods is give n In FLATHEli and

H UBBERT (1990 ). The majo ri ty of mode ls e m ploy techniqu es
whereby gri d cells a re in cr em entall y a dded to or su bt racted
fro m th e compu ta t iona l dom ain a ccord ing to a set of pre­

scr ibe d cond it ions be in g sat isfied . The us ual assu mpt ions
a re tha t th e normal com pone nt of th e ve locity at th e land ­
sea interface is ass u med to be zero a nd gr id ce lls a re defined
as ha ving flood ed or d rained a ccord ing to cr ite r ia based on

the hei ght of th e water rela tive to t he topographic height a t
a djace nt land points . As s hown by FALCONER a nd OWENS
(19 87 ), t h is method ca n pr oduce noi sy a nd even un stabl e
re su lts , parti cul arly wh en grid resoluti on is reduced . How ­
ever, th ey show th at a more heavily cons tra ined dryi ng pro­
ced u re can a llev ia te t hese problem s . Othe r models wh ich
em ploy th is a pproac h a rc described in REIIl a nd BOIllNE
(1968) , L'cENIlEliTSE a nd G IiITTON (197 1) a nd YEll a nd

CHOU (1979). Th e method described in F LATIU;1i a nd H EAl'S
(1975) is s im ila r a lt ho ug h the we tti ng a nd drying con­

stra in ts al so take into a ccou nt th e grad ie nt of th e wa ter
s urface . REID and BOIlINE ( 1968 1in clude e m pir ica l formula
based on flow over weirs to determine flow rates a t the
coa sta l boundary wh en new grid cells becom e flooded. S IE­
LEe Kl a nd WURTELE 11970 I, on t he ot he r hand , ha ve devel­
oped a method to com pute wa te r lev el by lin early ext ra po­

la ting wa ter dep th s a t t he coasta l bou nd a ry . Th ei l' t ech ­
niq ue is applied to ideali sed s it ua t ions for wh ich a na lyt ica l

solu t ions exis t , rathe r t ha n the mor e com plex gcornc t rie «
wh ich usu all y cha racter ise coasta l regions .

Th e model developed in th e pr esent s t udy utili ses a meth­
odology for wetting a nd drying whi ch dep ends not onl y of th e

sea su rfa ce heigh t relati ve to th e adj acen t to pogra phy , bu t
a lso to th e dista nce travelled by th e coastal inter-face based
on th e velocit y of th e curren t immedi ately seaward of th e
boundary. Thi s mea ns that the inclu s ion or rem oval of a gr id­
point may ta ke more th an a singl e time ste p to acco mplis h
eve n though the height cr it e ri on may be sa tisfi ed . I nstanta ­

neou s wetti ng a nd drying of gr id ce lls, whic h ca n ge nera te

noise in th e numeri cal so lutions , is th erefore minim ised . This
techn iqu e is found to be extreme ly robus t in complex ter­
ra ins , under severe atmos phe r ic forcing condit ions and a
wide ra nge of grid spacings.

The rema inde r of t he paper' is organi sed a s follo ws . In
Sect ion 2, th e storm su rge model a nd inund ation a lgo r it h m

are de sc ri bed in detail. Th e perform ance of the mod el is
dem on stra ted in Sect ion :l by s im u la ti ng a n inten se trop­
ical cyc lone. Resu lt s a rc com pa re d wit h si mu la t ions con­
du ct ed with fixed-bounda ry cond it ions . 'I'h c impa ct of
cha nges in g r id resolu ti on are a lso explored. In Section 4 ,

the model is used to sim ula te tw o mi d -lut itudo cold fron ts
wit h in a partl y e nclos ed bay in so utheaste rn Aus t ra l ia .
Sen si t ivity ex pe r ime n ts art' cond ucted to exp lore t he im ­
pa ct of increased sea level s a nd a tm os phe r ic s to r m
strength on t he storm s urge hei gh ts a nd a reas of inunda ­

ti on . The imp or tance of exi st ing levee banks on t r ibuta r ies
flowin g in to t he bay a re a lso demon st ra ted . F in all y con­
cluding com men ts a re presented in Section 5.

,Jou rn a l of Coa st a l Resea rch. VIII. Hi. Nil. 1, 1999
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Figur e l. Thc Arak awa-C gr id ovcr which thc modcl equa t ions arc solved.

Numer ical Technique

Equ ations (I )-(3) are solved on an Arak aw a C-grid (Figure
1) (MESINGER a nd ARAKAWA 1976, p. 47) using a split -ex­
plicit finit e-differ en ce sche me. Full detail s can be found in
HUBI3ERT et al. (990) although a bri ef description will be
given here. Th e conti nuity equa t ion and the gravity wave and
Coriolis terms in th e mom entum equations are solved on th e
shortest time ste p, kn own as the adjust ment step, using th e
forward-backward method. The non -linear advect ive terms
are solved on a n interm edi ate advective time step using th e
two-ti me-level method of MILLER and PEARCE ( 974). Fin al­
ly, on th e longest time ste p, the so-called physics ste p, th e
surface wind st res s, bottom frictio n st ress and atmos pher ic
pr essure are solved using a backward-impl icit method.

The storm surge model and all ancilla ry program s such as
th e gr id generator , programs for generating at mospheri c
boundary condit ions a nd various plotting program s have
been coded in FORTRAN a nd run on Persona l Computers
(PCs) und er the DOS operating system (or DOS running un­
der Window s 3.1 or Windows 95).

Boundary Co nditions

Th e storm surge model ca n be run in one of two way s. It
can be run in isolation over a region of in terest or a se ries of

simula tions can be perform ed over successively smaller and
high er resolution grids centred on the region of inter est using
a technique ca lled 'one-way nesting'. Thi s approach is an eco­
nomical way of maxi mizing the accura cy of the high est res­
olut ion simulat ion without needing to use a prohibitive num­
ber of gr idpoints, since th e lower resolution outer simulation
provides th e boundary conditions for th e nested simulat ion.
In th e pr esent study, single nesting is used which requires
a n outer and one nested simulat ion .

The low resolution model simulat ions are ca rried out over
ea ch of th e two large dom ains indi cated in Figure 2. On th e
open boundaries , the sea surface elevation is obtained from
~" = ~ ,, * + ~~T + ~~M where ~" is th e height at th e current
t ime ste p, ~ ,, * is a provisiona l value of ~ obtained by solving
(3) on th e gr id configuration shown in Figure 1, ~~T and ~~M

are the incremental cha nges in tid al heigh t and atmospheric
barometric disp lacem ent wh ich have occurred since t he pre­
vious t ime ste p. A radiation boundary condition, which solves
for th e group velocity, is used to compute th e velocity com­
ponents on outflow boundaries (MILLER a nd THORPE, 1981)
while a zero-gra dient condi tion is used on inflow boundari es.
At t he coasta l boundary of th e larger domain, t he coas tline
is fixed a nd so th e norma l component of velocity is zero.

Th e nest ed simula t ions are conducte d over th e three small­
er regions ind icated in Figure 2. The low resolution simula ted

.Iournal of Coastal Resear ch, Vol. 15. No. I . 1999
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Figur e 2. Map showing th e location of th e Por t Hedland and Port Phill ip Bay stu dy regions. Th e two magni fied map s show the a rea s over which th e
outer low res olut ion stor m surge model sim ula tio ns a rc perfor med. Th e rectan gles with in the se map s, show th e regions over which th e high resolution
inundat ion modelling is performed .

where M ;:,·t and LlY;:; t a re th e distances th e water travelled
in th e previous t ime st ep. By factoring in th e travel tim e of
the fluid , in la nd grid cells ar e pr evented from autom at ica lly
becoming in undate d at th e first instant th e water level at th e
coast exceeds th e height of th e adjace nt dr y points . In (7) and

in th e y-direct ion a nd through V points in the x-direc t ion . The
velociti es on th e boundaries are assumed to be zero.

Th e first ste p is to ca lculat e th e distan ce in th e x - and y ­
directions th at fluid could travel in a time step a t each ~ grid­
point which is adjacent to th e coas t. Th e depth-averaged cur­
rent veloci ty used in this calculation is tak en at th e first grid­
point on th e seaward sid e of th e ~ grid-point. Th e travel dis­
ta nce is:

field s are interpolated to the high resolution gr id and applied
as boundary conditions using a weighted cosine funct ion
which smoothly blends model predicted values on th e inn er
grid with tho se from the low resolution grid over a specified
number of gridpoints in from the boundary. If tid al effects
are not included in the low resolution simula t ion, th en th ey
al so mu st be specified on th e boundaries of th e inner grid.
On th e coasta l boundaries , equations (1 )-(3) a re solved as ­
suming that the normal component of th e velocity is zero .
Followin g th is calculat ion procedure, th e inundation tech ­
niqu e is then applied to determine whether th e coastline re­
quires repositioning.

Inundation Algor ithm

Th e adjus tment of coastlines to account for floodin g and
dr aining takes pla ce after equa t ions (1 )-(3) have been solved
as described above. The coastal boundary is configured to
pass through the velocity gridpoints on th e staggere d grid in
a ste pwise manner such th at it passes through th e U points

LlX"' .J

{
V:'_l ,

LlY" = Lly n- I + D.t x J

I .J 1,) VII
I , j'

u > o
U < O

V >O

V <O

(7)

(8)
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Figu re 3. Sche matic illu st rating la) the wetting and rb) th e dr ai ning pro cedu re in the in undation model. Note th at th e procedure is illustrated for the
x-direc tion only and z and II on the horizont al axis a re used to represen t loca ti ons where the sea sur face elevation ~ , a nd the depth-averaged curr ent, U.
a re ca lculated .

(8), th e first option applies to flooding in th e positiv e x or y
direction (or draining in th e nega t ive x and y direction) whil e
th e second option applies to flooding in th e negative x a nd y

direction (or draining in th e positive x and y direction ).
Th e testing for coas t line movemen t proceeds in th e x - a nd

y-directions separately. If th e height of the water at th e first
z-point seawa rd of the coas tl ine exceeds th e topograph ic
he igh t at th e first a-point landward of it (Figu re 3Al, and th e
accumulated distanc e travelled in th e given direction exceeds
th e grid separat ion, then a new sea-point is added to th e com­
putational dom ain. The velocity a t th e newly acquired veloc­
ity point is ext ra pola ted from adjacent points a nd (3) is solved
to obtain th e water depth at th e new height point. Finally,
M;~ and 6Y;'" are re-set to zero.

Th e procedure for drain ing is s imila r . If th e hei ght of the
fluid a t th e heigh t point adjacent th e boundary drops below
some arbit ra ry positive heigh t, E, (Figure 3B) and th e accu­
mulated distance travelled by th e fluid, exceeds th e gr id
length, th en dr aining is assumed to have occurred. Th e
height gridpoint is reclassified as dry (i.e . ~ = 0) and th e
boundary re located to the adjacent wet velocity gridpoint.

APPLICATION T O TROPI CAL CYCLONE
INUNDATION

Background

In this section , th e model performance is exa mined und er
the forcin g provided by a se vere tropical cyclone on Austra­
lia's northwest shelf. Whilst a number of tropical cyclones
have passed near Port Hed la nd in recent years , most surges
have not coincided with a risi ng tid e, or th e coas ta l crossing
point has been to th e east of the town , producing offshore
winds a nd a negative surge . Th e most sign ificant event to
affect Port Hedl and in recent history occurred on J an uary 11,
1939 . Thi s cyclone produced maximum sus ta ined wind s in
Port Hedland of around 130 km h- 1 with gus ts to 160 km h - ' .
Approximately one th ird of the buildings in th e town were
destroyed , la rgely du e to the wind waves a nd storm surge .
Flood waters complete ly isolated th e town for several hours
producing peak flood levels of 5.7 m abov e mean sea level.

The historical significance of this cyclone event in Port
Hedl and has ens ured that considerable information about th e
event, including ae rial photography of th e extent of the storm

•Journal of Coasta l Resea rch, Vol. 15. No.1 , 1999
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Figu re 4. (a ) Modelled cyclone pressure and (b) surface wind field as the cyclone a pproaches th e coast from the nort h , an d (c) pressure and (d) winds
at the ti me of coasta l cros sing .

sur ge inundation are avail abl e for model verification. Thi s
event ha s th erefore been chosen to demonstrate th e storm
sur ge inundation model.

Meteorological Input

Th e surface pr essure and wind field s during th e cyclone
event, required to drive the storm surge model, were recon­
st ructed by fitting an an alytical tropical cyclone model based
on HOLLAND (1980) as describ ed in HUBBERT et al. (1991) to
availab le meteorological observations in the region. Th e exact
path and point of coas tal cross ing are not known however ,
es t ima tes made at th e time of storm passa ge, sugges ted it
followed a southward trajectory for th e dura tion of its influ ­
ence on Port Hedland and mad e landfall 28 km west th e
town. Th e minimum pr essure a t Port Hedland was 954 hP a
and occurred betw een 0630 and 0730 UTC 11 J anuary. Roe-

bourne, a t th a t ti me , record ed a minimum of 972 hPa . Th e
specification of central pre ssure and radius of maximum
wind s in th e cyclone model was mad e so that th e resulting
wind s and pressure best fit th e observations. Th ese field s
were genera te d for th e 48 hours from 0000 UTC J anuary 11.
Th e best fit was found with a centra l pr essure of 895 hPa , a
30 km rad ius of maximum wind s, a Holland B param eter of
1.0 and a coas tal cross ing point 60 km to th e west of Port
Hedland. It worth noting th at this central pressure is 10 hPa
lower than th e minimum previou sly record ed for a cyclone in
this region . Th e cyclone wind and pressure field s are shown
in Figure 4.

Th e effects of ra infall ha ve been ignored in th e pr esent
st udy. Alth ough considerabl e rainfall (in excess of 150 mrn)

and serious flooding were reported at va rious inland sta t ions ,
th e rapid onset of th e storm surge a t th e coas t suggests that

J ournal of Coasta l Research, Vol. 15, No. 1, 1999
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f igure 5. The fine mesh model domain showing topogra phy and bath ym etry at 5 m contours. Also shown are th e coasta l locations where storm surge
heights a re compa red usi ng th e fixed bou nda ry and moving boundary conditions. Th e hotel a nd township ar e a lso marked .

run-off was not likely to have made a significant contribu tion
to water levels at the tim e of th e storm sur ge peak.

f igu re 6. Time series showing th e sea level height at (a ) Port Hedlund
Harbour and (b) the hotel. Th e actua l water level insid e the hotel reached
5.7 m .
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Model Methodology

Model simulat ions of th e storm surge were conducted on
th e lower resolution outer grid shown in Figure 2 at 1 km
resolution . Th e model was th en run over th e fine resolution
inner grid encompassed by Figure 5 at 150 m resolution with
sea level heights from th e outer model and tidal information
app lied on th e open boundari es.

Bathymetry closely approximating th e Port Hedland Har­
bour as it was in 1939 was recre at ed usin g old shipping
charts and records for th e simulation of th e 1939 storm surge
in section 2d. Th e major changes which have occurred in re­
cent t imes are the dredging of th e harbour and the creation
of th e spoil bank to the north of the town ship. It should be
not ed th at th e simulations discussed in sect ions 2e and 2f
wer e conducted at a la ter stage and, for reasons of practical ­
ity , utili zed th e modern day topography and bathymetry
which is shown in Figure 5.

Tides, Waves and Modelling Results

The high tid e level at Port Hedland harbour on 11 J anuary
during th e cyclone event was 2.08 m above mean sea level at
0639 UTC. Th e inundation model , when run with tid al forc­
ing from th e M2 , N2 , K2 , 82 , K" and 0 \ t idal constituents
applied at th e boundary of th e inn er grid , produced a high
tide of 2.10 m at 0640 UTC at Port Hedland Harbour. Th e
difference in water elevation of 0.02 m indi cate close agree­
ment betw een the modell ed tides and predicted high tid e at
Port Hedl and on that day.

Wave set-up and run-up for a range of storm surges and
tidal heights at Port Hedland have been modelled by Lawson
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Ta ble 1. Su mmary of the inunda ted grid cells and the area this represents at the times indicated [or model simulations conducted at 150, 225 and 300 m
resolution . The mean and standard devia t ion of the resu lts are a lso ta bula te d.

150 m 225 m :l00 m
Standard

Time Area Area Area Mean Deviation
lUTe ) Gridpoints (k m -) Gridpoints (k m") Gridpoint s (k rn") tkm -) (';I I

0500 1339 52 1170 58 472 5 ] 54 ]0
0600 4936 111 2362 119 1283 115 115 5
0700 62 17 140 3141 159 1677 151 150 9
0800 6687 150 3320 168 1814 163 160 8
0900 6182 139 3058 155 1655 149 148 8
1000 5400 121 1614 131 1435 129 127 6
1100 4936 II I 2244 113 1195 107 110 4

and Treloar Pty Ltd usin g the Dan ish Hydraulics In stitute
wave mod el (SPECIAL SERVICES UNIT, 1994 ). Their re­
sults indicated that in th e near-shore zone, storm surges
ranging from 4-7 m would be increased by a further 0.3-0.7
m due to wav e set-up.

Figures 6A and B show the mod ell ed se a levels at Port
Hedland harbour and Port Hedla nd hotel , re sp ectiv ely . Th e
peak sea level s in sid e Port Hedland hotel reached 5.7 m
above mean sea level , whi le the mod el produced a peak of 5.3
m. Since the observed sea level peak contain s a contribution
from wave se t-up of between 0.4 to 0.6 m, the mod el simu­
la ti on of the storm surge and tid e indicates rem arkably close
agreeme nt with observations.

Figure 7 shows th e inundation at three stages during th e cy-

clone event. While detailed verification of the model resu lts is
not possible, comparison with aerial photographs taken on the
west side of Port Hed lan d township after the floods and showing
th e maximum water level atta ined during the surge, indicate
good qualitative agreement. Flooding in th e township is report­
ed to have developed from th e south initi ally with th e water
flowing in from the east . Modelled results shown in Figure 7a
match th ese anecdotal reports. It is later reported to have
flowed in from the west once the seawall was breach ed an d
finally in over th e higher ground to th e north. Figure 7b shows
th e simulated flooding occurring in th ese locations. After the
peak, th e water apparently drained into the swamp to th e south
of the town . Model simulations shown in Figure 7c also indicate
draining of water to the south of th e town .

!_- -q -

Melbourne

,
VICTORIA,

____ ! J __

36.05 , - - -

I34. 05 I ,............ "..-....-.....

38.05

40.05

142.0E 144.0E 146.0E 148.0E

Figu re 8. Map showing th e location of Port Phillip Bay (ins ide inn er recta ngu lar region ) and surrounding loca tions. Bathymetric contours a re at 100 m
inter va ls up to 1000 m and 1000 m interv al s th er eafte r.
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Figu re 9. Mean sea level pre ssure a na lyse s at t he closest a va ilable tim e to when th e pea k sto rm surge was expe rience d in Por t Phillip Bay for (a) th e
May event a nd (b) th e Novem ber event.

Comparison of Fixe d and Moving Coastline Boundary
Conditions

In thi s section, th e differences in coastal storm surge
heigh ts which result from the two different treatments of the
coas tal boundary are examined. Six coas tal locations marked
w l, w2, e1, e2, e3 a nd e4 have been selecte d and are indi cated

In Figure 5. Modell ed sea level heights a t each of th ese lo­
ca t ions from west to ea st are 5.3, 5.1, 5.3, 5.2 , 5.4 and 5.7 m
respecti vely. In compa r ison, th e fixed-coastl ine boundary con­
diti on lead s to storm surge peak s at th ese locations of 5.4,
5.4, 5.6, 5.4, 6.3 and 5.8 m which ra nge from between 2 a nd
17% higher. Th e largest differences occur at coastal points
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Figur e 10. Modell ed and observed wind speed (left ) a nd di rection (right) for (a ) th e May cold fron t event comme ncing at 1100 UTC 21 May 1994 and
(b) th e Novem ber eve nt comm en cing at 2300 UTC 3 Nove mber 1994 . Th e a rro ws on each of the hori zonta l axes of the wind speed diagrams mark the
t ime of peak stor m surge at St Kild a.

whi ch are located in embay me nts , particularly when backed
by low-lying coastal terrain. Th e tendency for fixed-coast
models to overestimate storm surge heights has also been
shown by YEH and CHOU (1979 ).

Sensitivity of Results to Grid Resolution

Th e robustness of th e sche me developed in th e pr esent
study is demonstrated in this sect ion by com paring results
obtained using lower grid resolution. FALCONER and OWENS
(1987) have reported that in the ir experience, inundation al­
gorithms whi ch rely on instantan eous wetting and dr yin g of
grid cells can become numeri call y unstabl e when the model
resolution is reduced . Ideall y, a n inundation sche me should
not only remain stable bu t should produ ce fairl y consi stent
resu lt s despite variations in gr id resolution. It is noteworthy
that in an ea rlier ver sion of th e present model, in which th e
wetting and drying criterion was of th e type descr ibed in Fal­
cone r and Owens , the model tended to become numerically
un st able wh en grid resolut ion was reduced .

Three experiments with gr id resolutions of 150, 225, and
300 m, respectively, were conducte d to test model sens it ivity
to chan ges in grid spacing. Results of these tests are given in

Table 1. The number of inundated grid cell s and correspond­
ing area have been calculated for th e tim e of peak surge and
three hours before and after the peak. Th e standard devia­
tion s do not exceed 10% and tend to be slightly lower during
th e dra ining phase , possibly because dr aining is occurring at
a slower rate than flooding . The 150 and 300 m resolutions
produ ce values tha t are in closer agree ment th an th e 225
resolution simula t ion. Thi s result reflects th e greater differ­
ence in topographical representation betw een th e 150 m and
th e 225 m since th e la t ter required interpolati on where as the
300 m grid simply utilized every second gridpoint of the 150
m grid.

STORM SURGE INUNDATION MODELLING IN
PORT PHILLIP BAY

Background

Storm surges in Port Phillip Bay are most frequently
caused by periods of sustained west erly wind s which occur
when cold fronts t ravel along the sout he rn Australian coast
(MciNNES and HUBBERT, 1996 ). Th e two eve nts modelled in
th e present st udy occurred in May and November 1994 . An
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Figu re 11. (a ) The Hobsons Bay fine mesh model domai n a nd (bl th e Mordi a lloc model dom ain . Topograp hy and ba th ymet ry contours a re shown a t 5
m interval s and relevant fea tures a re labell ed.

examina t ion of the residu al sea level sign als (total sea level
minus tide ) at Lorn e and Stony Point in Bass Strait , and
William stown at th e northern end of the bay (see Figure 8
for locations) indicate tha t sea levels within the Bay a re close-

ly rela ted to those occurring on th e open coastline , alt hough
some at tenuat ion of the signal genera lly occurs at Willia ms­
town.

Th e observ ed maximum sea level heigh ts at Will iam stown
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Tab le 2. Summary of the simulated peal: serz level heigh ts for the May
and Novemb er storm su rge eoents at Werribee (W), St Kilda (S K) and Mor­
dia lloc (M ). See Figu re II for locatioli S .

Exper-
Hobsons Bay Mordialloc

imc nt
No Description May November M ay November

1 Con trol 0.9 0.9 0.5 0.5
2 80 ern sea level rise 1.7 1.8 1.4 1.6
3 80 ern sir + 10% in- 2.3 2.9 2.7 1.7

crease in wind s
4 As for 2 but no lev- 6.5 13.2

ees
5 As for 3 but no lev- 7.5 8.8

ees
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for the May and Novemb er cases wer e 1.046 and 1.074 m
above the Australian Height Datum (AHD)t respectiv ely.
Based on the return period analysis of ADAMS (1987), th ese
events have return periods at Willi am stown of betw een two
an d five years .

Figure 12_ Curv es showing th e observed and modelled sea levels at St
Kilda over a 60 hour in ter va l comme ncing a t 2300 UTC 24 May 1994.
Th e predicted ti de a t William stown is a lso shown. All sea levels a re ref­
ere nced to AHD .

Meteorology and Atmospheri c Boundary Co nditions

The sea level pre ssure pattern at th e time closest to the
peak su rge in Port Phillip Bay for eac h of th e events is shown
in Figure 9. The May event comme nced with a cold front lo­
cated at the south weste rn tip of Western Australi a at 0000
UTe 23 May 1994 . During the next four days, it travell ed
eastward along th e south coast of the continent producing

t AHD is a pprox imately eq ua l to mean se a level.

elevated westerly winds and sea levels a t tid e gauges all the
way along the south coast.

Th e strong winds and elevated sea levels of th e November
event were confined to th e western half of th e southern coast­
line due to the presence of a ridg e of high pressure loca ted
over the south west corn er of th e continent. Winds accom­
panying thi s front were from a slight ly mor e south-westerly
direction compared with the May case.

Rain fall was not extrem e for eithe r th e Mayor November
events with maximum 24 hou r tota ls recorded at Melbourne
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Figure 13. Model simula te d sea su rface eleva tions for 1700 UTC 26 May 1994. Units are in m and sea levels a re referenced to AHD.
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Figure 14. Curves showing the obser ved an d modelled sea levels a t St
Kilda over a 60 hour interv al comme ncing at 1100 UTC 4 Novem ber 1994.
Th e predi cted tide a t Williamst own is also shown. All sea levels a re ref­
ere nced to AHJ) .

not exceeding 3 mm and 5 mm respectively for th e duration
of the events. However, du e to the high sea levels which
backed up through th e storm water drains in some low lying
bayside suburbs of Melbourne, accumulated rainfall was re­
ported to have caused minor flooding in some a reas .

Atmo sph eric sur face pressure and wind s for th e various
storm surge model simula t ions were obtained by running an
at mospheric mode l based on McINN ES and HESS (1992 ) at
25 km horizontal resolution over the region bounded by 27°S,
45°S, 125°E and 153°E. Fifteen vertical levels were used with

Sea S~rface Ele ~ations
for 07.00 UTe
6 Nov : 7994

38. 05

38.25

th e lowest model level located at approximately 10 m above
th e surface. Init ia l and boundary conditions for the atmo­
spher ic model were obtained by interpolating 12 hourly Aus­
tralian Bureau of Meteorology ana lyse s (MILLS and SEAMAN ,
1990 ), to th e atmospheric model gr id. Th e simulation for th e
May event was cond ucted over an eight da y inte rval from
1100 UTC 21 May 1994 . For th e Novemb er event, the model
was run over a four day interv al from 2300 UTC 3 November
1994. A comparison of the modelled and observed winds at
St Kilda for both simulat ions are shown in Figure 10 and
indica te that th e model ha s represented th e timing of th e
wind chan ges reasonably well although the wind speed has
been slightly overestimated . Surface pr essure and 10 m
wind s from the atmosph eri c model were sto red eve ry six
hours and spat ia lly interpolated to th e a ppropria te storm
surge model domain to prov ide surface boundary condit ions
for th e storm surge model.

Model Methodology

Storm surge model simula t ions were carried out on a 500
m resolution Port Phillip Bay domain indi cated in Figure 8.
Both the May and Novemb er events were run out for 60
hours comm en cing at 2300 UTC 24 May 1994 and 1100 UTC
4 Novemb er 1994 , respect ively. Th e sea level heights at th e
open boundary of th e storm surge model in Bass Strait were
obtained by lin early interpolating observed sea levels a t
Lom e and Stony Point.

Th e stor m surge model was th en run over th e two sma ller
re gions shown in Figure 11. Th e grid resolutions on th e Hob­
sons Bay and Mord iallo c regions were 30 m and 50 m re-

38. II5 - - - - - - - ~ - - - - - - - - ~ - - - - - - - - - ~ - - - - - - - - - - - - - - - - - - -, - - - - - - - -
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Figure 15. Model simula te d sea surface elevat ions for 0700 UTC 6 November 1994. Uni ts a re in m and sea levels a re refe ren ced to AHD .
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Figure 16. The peak storm sur ge inundation on th e Hobsons nay dom ain for (a) the cont rol exp eriment and (b) experimen t 3. Gridlines indicate a
spac ing of 1 km .

spectiv ely. Bathymetric data for these regions wa s manually
digitized from shipping charts. High resolution digital rep­
resenta tion of the 0, 1.0, 2.0 and 3.0 m contours were inter­
polated to th e model grids, Tributaries were included and
flow rate data used to input the appropriate mass flux at
th ese locations. On the Mordialloc dom ain , the width of th e
tributaries in th e model was incre ased to about four model
gridpoints to en sure numerical stability.

Sensitivity Experiments

A series of sensiti vity exp eriments were performed over th e
outer and two inner regions for each of th e storm surge

events and these are described in Table 2. Th e purpose of th e
simula t ions was to inve stigate the vulnerability of the two
inner regions to sea level rise and varied storm strength as
well as highlight the importance of maintaining and possibly
increa sing the height of the levee banks on the Mordi alloc
Creek in view of th e potential impact of climate change. Ex­
periment 1 is the control experiment used to benchmark the
subse quent experiments .

In experiment 2, th e mean sea level was increased by 0.8
m. This va lue corresponds to a worst-case scenario of possible
sea level ri se due to the enhanc ed greenhouse effect which
would be expected to occur when atmospheric CO2 levels
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WATER 0-2 m 2-4 m > 4 m FLOODED
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Figu re 17. Th e pea k stor m surge inunda tion on the Mord ialloc domai n
for (a ) th e contro l experiment , (b) experiment 3 and (c) experi men t 5.
Gri dlines indicate a spaci ng of 2 km.

reach twic e th eir pre-industrial values (in about 2070 )
(WHETTON et al., 1995). It should be noted however , tha t
since th e worst case scena r io has been used , it is unlikely
th at such extre me sea level ris e would be exper ienced by this
tim e (McINN ES and HUBBERT, 1996 ; WHETTON et al ., 1995).

In experiment 3, th e impact of a stronger storm is sim u-

Ta ble 3.. S um mary of the area inundated over Hobsons Hay an d Mor­
dialloc [or the various experiments. Unit s are hm",

May 1994 November 1994

W SK M W SK M

EXP I 0.92 1.20 1.30 0 . ~)4 1.25 1.28
EXP 2 1.72 2.01 2. 11 1.75 2.06 2.08
EXP 3 1.95 2.22 2.35 1.97 2.3 1 2.35

lated by taking the exist ing sit uat ions and increa sing the
wind st re ngth uni form ly by 10'k . For consiste ncy, bound ary
conditions at th e open boun dary required a lter ing for this
experiment al so. The surges in Port Phillip Bay are highly
correlated with those whi ch occur on t he open coas tl ine as
previously discussed. Mc INNES and H UBBEHT (1996) show
tha t a 10% in crease in wind st rength for th ese two storms on
the open coastli ne produ ces approximately a 20% increase in
storm surge heig ht at the coas t . Th is res ponse is related to
the wind st res s terms TJ p"H in (1) and (2) where T, is a func­
tio n of th e wind speed squared as well as th e dr ag coefficient,
C" , whi ch it self is a func tion of th e wind speed. Therefore , on
t he open bounda ry, the residual compone nt of the sea level
height was in crea sed by 20%. For thi s exper ime nt , th e 80 cm
sea level rise was a lso imp osed .

Experiments 4 and 5 involved only th e Mordialloc do­
main under conditi ons of increa sed sea lev el a nd st or m
s t re ng t h a nd involved running th e mod el in the absence of
t he ex isting levee banks on the Mordi alloc Cree k t o dem­
on strate their importance under these conditions. In a ll
ex pe r ime nts , th e in flow rates of the various river sys t ems
were held con stant.

Storm Surge and Inundation Results

The results on th e outer domain encompa ssing Port Ph illip
Bay are presen ted and discussed first. Time series of mod­
elled and obser ved sea level height at St Kild a are compa red
in Figure 12 for th e May event. Both t ime se ri es show rea­
sona bly close ag reeme nt , a lthoug h th e modelled heigh t tends
to be slightly over-pre dicted, particul a rly at low tide . Th is
error is most likel y du e to th e slight overestima t ion of th e
wind speed by th e atmosphe ric model. Because of th e ori en­
ta tion of th e ent rance into Port Phillip Bay, ebb tid e currents
th rou gh this cha nnel will tend to be slowed by th e prevailing
westerl ies, leading to re latively h igher water levels a t low
tide . Th e pred icted t ide level is sho wn also and indi ca tes th a t
observed sea levels for t his eve nt were up to 0.8 m high er
tha n normal. The spa t ia l variation of the surge across th e
bay is shown in Figure 13 at the time of th e peak surge a t
St Kild a. A pronounced east-wes t gradie nt is evident with th e
high est surge located on th e eastern side of the bay. Th is is
cause d by wind set-up, pr oduced by the westerl y winds with­
in Port Phill ip Bay. Th e modelled peak sea levels for this
eve nt at St Kild a, Werribee and Mordi all oc a re summa rise d
in Tabl e 3 and reflect th is gradient with th e peak surge
height at Mordiallo c bein g 0.38 m high er than at Werribee.

In Figure 14, the modelled and obse rved time se r ies at St
Kild a for th e November case a re shown. Th e modelled stor m
surge heights show close ag reement with obse rva ti ons at
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high tid e, a lthough again water levels are over-estimated at
low tid e. Thi s storm produced a slight ly high er sto rm surge
a t St Kilda than th e May event. Th e predicted tid e levels
ind icate th at about 0.9 m of th e maximum sea level was due
to th e storm surge . At Mordi all oc, th e peak surge for Novem ­
ber is slight ly lower than th e May case. Thi s differen ce is du e
to a slight ly more southe rly component in th e wind s during
th e Novemb er event whi ch produ ced sea level height contours
th at were aligned with more of a northwest- southeast or i­
enta t ion (Figure 15 ).

Inundation results for th e control simula tion over Hobsons
Bay a nd Mordi allo c are shown for th e November case in Fig­
ures 16a a nd 17a respectively . In both locations, th e inun­
dation is confined to th e beach front. Thi s result is consistent
with th e exte nt of inunda t ion obse rved during both events.
Convert ing th e inundated grid cells into an ae rial coverage
yields a tota l a rea inundated of 0.9 km" over Hobsons Bay
and 0.7 km - over Mordi alloc.

Application to Climate Change Scenarios

Results from the sens iti vity experiments are now dis­
cussed. Areas of inundation fill' a ll sensitivity experiments
are summa rized in Tab le 2 whi le sea level height for exper­
iments 2 and 3 a re summa rized in Tab le :3 .

In experiment 2, ma ximum sea level heig ht s a t each loca­
tion a re approxima te ly 0.80 m higher th an th e control exper­
iment for both cases. The addit iona l increa se in backgro und
wind s in exper iment 3 produces a further increase in sea lev­
el heights of betw een 0.21-0.27 m, with relatively higher sea
levels occurring on the eas te rn side of th e bay.

Over Hobson s Bay, experiment 2 produces a doub ling of
th e a rea inunda te d in both t he May and November stor m
eve nts . Over Mordialloc, th ere is approximately a threefold
increase in th e area of inundation wit h some breac hing of th e
levee ba nk s on th e north and sout h sides of the Mordia lloc
Creek (not shown).

Th e 10',7, incre ase in wind s combi ned with the sea level rise
in experiment 3 further increa ses the area inundated over
th e Hobson s Bay region to 2.3 an d 2.9 km2 for the May a nd
November cases respectively indicat ing that this region is
more se ns it ive to th e west- southwesterly oriented wind s of
th e November case th an th e westerly winds of th e May case.
As indi cated in Figure 16B for the Novem ber case , some in­
undation is occurring in low lying resid ential area s. Over th e
Mordi alloc region however , the greatest increase in inunda­
tion accompanies the more westerly winds of th e May case
(2.7 km ") compared with 1.7 km 2 for th e Novemb er case. The
area under water is located slight ly further eas twa rd than
experiment 2, cons istent wit h the st ronge r westerl y wind s
(Figure 17b ).

Experiments 4 and 5 were conducted to demonstrate th e
impo rtant role played by the existing levee banks on both
rivers in the Mordialloc dom ain by removing th em in th e
model simula t ions . As expected, the results show grea tly in ­
creased flooding under conditions of sea level ris e and in­
creased wind strength . The results of exp eriment 5 for th e
November case are shown in Figure 17c.

The sensiti vity experimen ts serve to illu strate several

points. Firstl y, whi le many coas ta l regions may be well pro­
tected from the effects of severe wea th er events under pres­
ent climate conditions, t his may not be the case if th e mean
clim atic sta te changes . It is worth reitera t ing that the sce­
nario fill' mean sea level rise used in the present study is a t
t he extre me end of th e ra nge of possibil ity for 2070 and th ere
is no evidence at thi s stage to suggest th at west erly wind
events would on avera ge increase in inten sity und er en­
hanced gree nhouse conditions; a decrease of the sa me mag­
nitude being equally possib le (MclNN ES and HUBBERT,
1996 ). However , it should al so be not ed th at th e two storm
surges mode lled in the present study a re not particularly rare
events, and a mor e intense storm surge could produce ju st as
muc h inundation under a lower rise in sea level. Fu rt her­
more , storm surges whi ch coincide with heavy rainfall events
could produce gr eater inu ndat ion due to the combined effects
of increased river flow rates and elevated sea levels in th e
bay. Ne ither of th e surge events modelled in the present
st udy were associated with high rainfall , although such
eve nts have occurred in th is region over th e last century
(MclNN~;S a nd HUBBERT (1996) and ADAMS (1987 l )'

CONCLU SIONS

A storm surge model with inundation ca pabilit ies has been
developed for application to coas ta l planning a nd storm im­
pact st udies. The model is des igned to be eas ily re-loea tabl e
to oth er geographical region s and multip le nest ing of model
s imula t ions enables the more accurat e specificat ion of bound ­
ary condit ions on th e high resolut ion inn er model grids. Th e
coasta l boundary of th e model is moveabl e a nd a wetti ng and
drain ing technique, with cons t ra ints on th e sea level height
and cur rent speed, is a pplied to determine when gridpoints
are add ed to or removed from th e computa t iona l domain .

Th e model's ca pabilities for predicti ng in undation and
storm surge a re demonst ra ted by its a pplicat ion to two dis­
tin ct geogra phica l region s und er marked ly different meteoro­
logical forcing. In th e first insta nce, severe inundation pro­
du ced by a n inten se tropical cyclone on th e open coastl ine of
northwest Austra lia is modelled a nd shown to prod uce real­
istic resu lt s when compa red with ava ila ble observations. In
th e second instance, th e model is success fully a pplied to two
regions wit hin a n enclosed bay in the sout hwes t of th e con­
tin ent und er atmosp heric forcing produced by two seve re
wintertime cold fronts .

Comparis ons mad e betw een t he storm surge heights pro­
duc ed usin g fixed coastline and moving coas tl ine bound ary
condit ions, indicated that th e maximum heights at the coas t
are greate r by up to 17'1£ when fixed coastline boundary con­
ditions were used . This resu lt has se rious impl ications for
st udies where flood levels from storm surges are determined
from fixed coas t line storm surge model results.

Simulati ons conducted with reduced model resolution
showed, not only th at th e model rem ains stab le when run
over the region with fewer gridpoints, but that th ere is a high
level of agree ment between sim ulations on the tot a l area in ­
und ated. This resu lt is attributed to the use of the flow rate
in th e inundation algorithm whic h prevents instantaneous
wetting and drying of grid cells simply beca use th e water
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depth cri te r ion has been sa tis fied. When flow rates a re not
ta ken into cons iderat ion, degraded grid resolution ca n in­
crease rates of inundation leading to a t best, unreali sti c Hood
ra tes and at wors t, num eri cal instabili ty.

Scena rios of sea level r ise and increa sed storm wind
st rengt h were imposed on th e model simulati ons to explore
th e possibl e imp act of climate cha nge on two potenti ally vul­
nerabl e regions in sout heaste rn Australi a as well as demon ­
st rate th e a pplicat ion of th e model to imp act studies of th is
kind . Results highl ighted th e s ite and storm specific nature
of coas ta l Hooding. Levee banks on one of t he tributari es in
the model domain were found to be' inad equ ate und er th e
extreme scena rios imposed a nd suggested th at this region
could also be vulne ra ble to a more ext reme storm even with­
out a large rise in mean sea level.
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