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Nun erical Study ofW ave Tide Surge Coupling Processes
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Risk assessmentof sbm surge and wave hazads in he Huanghe Delia coastal area of the
Bohai Sea equirs accurate prediction of stom suige and wave hazads So this study is ained
at establishing a coastal high resobition (2 X 2") woway coupled wave tide- suige moded i
cluding hreem ain physicalmechanisns Themodelwas used for canparisons and analysis of
smulated and m easured wave heights and sea kvel in womoderate stom cases in heHuanghe
Delta coastal area W e show that the effects of different physicalmechanisn s on wave heights
arem ainly detem ined by wave current inteaction by madiation stress n the wave energy equa
ton W ave age dependent surface w nd stress and radiation stress mechanism s in the coup ling
wave- tile suige interaction have positive mpacton sea level and wave curent interaction bot
m stiess mechanisn show negatve inpact on sea level The canprehenswe effects of hree
man physicalmechanism s show positve net mpacton seal level and increase itby asmuch as
25 an We show that thewave heghts and sea levels smuhted by the coupled wave tide surge
model agree betterwith hem easured values canpared b uncoupled model results particularly

for peak stom cond itions

[ . NTRODUCTION

A swind generateswaves and sbm surges their generation is cbsely relaed The strong
non linear nteractions between tides and som surges n shalbw water result n mportant néer
actbns betwveen waves and tide surge motions This sudy showed that the coupling of waves
and tide- surgemotons is driven by severalmechanisns where mwaves and the mean fow or
he water level associaed with he tide and suige interactwith each canponentof the btalmeo
tion affecting the other motions These mechanisns mainly include the wave state dependent
surface w ind stress hewave current interction bottan stress and he radiaton stress In he

past en years several sudies(M astenbroek et al., 1993 Davies et al., 1994 Zhang
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etal, 1996 Jin et al. 1998 Yin et al. 2001) considered wave and tide surge interaction
mechanisns However because of he lage spatial resolitions used n these studies the
effects of radiation stress were knored or poorly smulated and only same ndividual coup ling
mechanism swemr studied or same sud s considered only oneway coupling L etal(2003)
made a prelim nary study on he mpact of radiation stress using woway couplingmodel In
thiswoik hgh spatial resobition and a woway coupled wave surge nteraction numerical mo
ded are used to suudy the net effects of several physicalmechanisn s driving wave heigh ts and
sea kvel

This study is focused on wave tile surge interactions in the coastal region specifically he
Huanghe Delia area of he Bohai Sea H igh qualitymodels ae mplemented onwaves tides and
surges on a fine resolition grid The coup ling mechanisns considered awre wave radiation stiess
wave curent interaction bottan stress and w ave- state dependent surfacew ind stiess Formoder
ately highw nd and current conditions coup led model smu lation esulis are can pared w ih sy
chonic in situ measurments ofwaves currents and ekvation and finally he net mpacts are
studied b give quantitative estmates and appraisal of the wave suige coupling nemction This
is extremely m portant for risks assessnent of stom surge and w ave hazads in he Huanghe Delta

coastal area marine envionmental forecasts ocean engneerng design etc In the Bohai Sea

I . COUPLED WAVE-TDE-SURGE MODEL

The coupled wave tile suige nterac tion num ericalmodel is can posed of an advanced shal
bw waterwave model and a wo dimensional tide surge model Twoway inkractions betveen
waves and tide suige motions are studied on the basis of wave stae dependent surface stress
wave current interaction bottan stress and radiation stressmechanisn s

(1) W aveM odel

The hird genemtion shallw wakerwavemodel YW E-WAM used in his study is based on
the wave action balance equation wih most of the source finctions taken directly fran the
standard WAM model of K anen et al ( 1994). A n explicit representation of the enewy dissipa
tion caused by dep tr lmited wave breaking n shallow water is taken into account The basic

equations ate
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whewreF (o, 0)is he spectraldensity & k& u arewaterdeph wave mmbervector vebe
ity vector s is he space coordnate n the propagation direction @ the o dimensional space
gradient isV, andm 1is the spatial coodinate perpendicular to he popagation directon 0.
The fomulations for propagation speed C,s Cs; and Co detailedly considers he effect of varying
depth and currents on wave popagatbn Source functions are given by, S =S; +S,; TS+
Syt T Sips  inchiding wind input nonlinear interactions white capp ng dissipatbn  botian
friction and depth lim ied wave breaking dissipaton A detailed description of the model is
given by Yin et al( 1996) .

(2) Tide SuigeM odel

A wo dinensbnal numerical tide surge model w ith AD I( A kemative D irection plicit)
diflerence schene and radiaton stess isused The mass equation is

X 2 Du) 2Dy
aﬁ > + 3 =0 (5)

hemanentm equations are
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where u and v are can ponents of he dep tr averaged ve beity in he easw ard and northw ard direc
tions respectvely ¢ is the tme f'is the Coriolis paranetey A is the horizontal eddy viscost
t; g is gravitational acceleration €, is the density of sea water D is the total depth
(:d—Q—t; meanwaler depth+ surface ekvation); s.» S, . and s, awe canponents of he

mdiation stress ensoy p, is he amospheric pressure & =( T, T, ) is he surface w ind stiess

and 5, =( T Ty ) is hebottan stress  Surface wind stress is generally assumed to take he fom;

;;:paCd‘\;IO‘\;]O (8)
whewre 0, is the air density Cp is he surface aewdynan ic dmg coefficient and 1;10 denotes
wind velocily vecbrat 10m reference height In this sudy a conventional approach C»  fol
bwing H su( 1986), is assumed b takes he fom:

0.4 )?
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where A is an adjustabk coefficient depending on different weather conditions( ~1.1 for ty
phoons  ~1.0 for extia- tropical systans). For consilering wave dependent state surface w ind
stress awave age dependentC,; fomulation would assume the finctional dependence of the
HEXOS welation of Smih (1992), but here we take a more convenient expression bllow ing
Donelan et al. (1993),

2
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C; can be obtamned by

e (1)

whet ¢ is phase velocily of spectial peak and K is Kaman constant( =0. 40).

W hen we do not considerw ave current interactions botim stess is assumed to be

—o.7 ulw v="8 (12)

Cz
whewr ¢ is he ChezyM anning coefficien t and u is the curren t velocity vector
A ccodng to the wave curent interaction model of G rant andM adsen(1979), n the fom
published by Signelletal(1990), a collinear flow i plies hat he total bed shear stress is giv
en by
T, =17, (13)
whe®r 7. is an hstantaneous current shear stress and g, is he maxmum wave bed stess as

given by
o —5 0| U’ (14)

whewre Uy is the maximum near bed wave oibital velocity and f; is hewave fricton facor.The
near bedwave oibital vebcily is given by
a, o
Yo ik

whew a, is he wave anpliude o iswave frequency and k is he wave nunber detem ined

(15)

fran the Inear dispersion relation
= (gk) than (k). (16)
Thewave friction factor f; can be meadily canputed fran the sani empirical expression of

Jonsson and Carlsen(1976), based on laboratory observations This mp lies

ﬁﬁ+g(#a——o.os+l{%ﬂ (17)

whewr k,=30zp and z is the bottan roughness length and 4, =U, /.

Ifwe assume that he current does not influence the wave field the wave fricton velocily

B T, 12
NER

A tinitial tme =Q an initial current friction factor f; excluding w ind wave wurbulence

is given by

is detem ined fram
2

f= {h(3OZr /khc;| (19)

wih k. taken as the N kuradse wughness k. =k, =302, with z taken as 100 an above he
bed Once f is deemned U can be wadily canputed fran



whewr T, = E32+G32 and F3 and G are given as

FB:—éﬁPu (12 +V)'"” (21)
Gy :—;ﬁpv ()" (22)
The canbined friction velocily Us., Drwaves and currents is given by
U-o={GAU) " (23)
The apparent botian wughness k. felt by the current due b the presence of waves is given by
B
U A
khrkb{ o Eﬂ (24)
wih C;=24.0 fran Grantand M adsen( 1979), and
U,
B=1-7 (25)

The value for kj. is then used at the next tme sep to deemme £, and hence the bed

stress due b the wave field and the tme evolving viscosily field may be estmated as

v =t ul " (26)
The mdiation stress canponenis are given by
S =g (J (j[ (n ——;) +ncos 0)F (o, 0)dod0 (27)
Sy =8, =0g ] 2T(nsin@cos@)F(G, 0)dod0 (28)
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where n——é[ 1 —szl]fgg . GivenF (o, 0)by awavemodel radiation stiess can thefore
be obtained
(3) In tial and Boundary Conditions
Initial conditions are that currents and surface elevation are zere
C=u=v=0 (30)
Lateral boundary conditions are assuned zero for flow nomal to the solid boundary and
along the open boundary

E:Pb -P,

+Ef,H,‘COS [w1t+ (eru),- _gi] (31)

whewre P, and P, awr the valies for am ospheric pressure outside a stom and at the open bounda
iy respectively O is the density of seawatey g is gravilational acceleration w; is he radian

frequency: hamonic constants H; and g; are the anp litudes and phase angks ofeach tidal con



stiueng  f; is the nodal facor of each tidal constient ¢ is the tme; (v+u), is he initial
phase and u; is the nodal corection angk The &n constituents in standard notatbn are K,
Ow» Py, Q» My S» N» K» So Sa-
(4) The Coupling Pocedure
Inplen entation of he coupling betveenw ave and tide sugem odels folbwed the procedure below.
Prior b the coupling the wo models ar initialized sepamtely Thus the wave
model iswamed up for 12 and the tide surgemodel Hr4 days Iitialization is
perfomed in a manner pem itting the synchwnized coupling of the o models
Thewave model is mn( in 3 minute tine- steps) for 5 tine-seps using the cam pu ed
change of water depth (mean water depth plus tile suige elevation) and nhanoge
neous and unsteady curents fran the wo dimensional tide surge model b obtain re
lated wave pammeters such aswave spectrun.
The wave age dependent surface wind stress radiation stress and w ave curren t bo tim
stress are calculated using hewave spectum and passed back to the tide surge model
The wo dimensional tide surge model is mn( 15 minute tme steps) using the calewr
lated radiation stress surface wind stress and bottlan stress This gives newly can-
puted elevations and airrents which are passed back b the wavemodel to repeat the
sequence of the camputations
During the smulaton canputed esulis of interest for exanpb the significant wave
heights the mean wave periods the directionalwave spectum, water surface elevatons and
curent vebceities w ith and without the inclusion of waves and tide suige interactbns can be

output by the wave model and tide suigemoded as described.

[II. NUM ERICAL STUDY OF WAVE-TDE SURGE COUPLING
NTERACTION N THE HUANGHE DELTA COASTAL AREA

The Huanghe Delta coastal area beated in the southwest region of he Bohai Sea has grat
strategic m portance because it is the most inportant oil production awra of he ShengliO ilfield
The fine resolition grid area shown n Fig. 1 is the Huanghe Delta coastal area  which is the fo
cus of this study. This area is characterized by wlatively big waves and strong setup due b its
shallow watker depth( generally less than 12m ) and bng fetch and pesents a dhallenging prob-
len for offshore design for prediction particularly in severe stoms with extreme wnd and
waves conditions A ccumte forecasts of waves and sea kvel are very mportant for the safety of
offshore personnel and property and for risks assessment This suudy is amed atdetem ining
the canprehensive effects of diffe ent coup ling in e raction phy sical m echan isns on wave heights
and sea leved in the conextof awave surge coup ling interaction model and gives a quantita
tive estimate and canpmrehensive appraisal of coup ling interaction A secondaiy objective is ©

offer a feasble analysis for the operational adop tionof a _coupled wave 2 we model to forecast



waves and stom suiges hazards and lay the foundation of risks assessnent of stom surge and
wave hazaids in a coastal region such as the Huanghe Delia area

(1) Case Descriptions

A stom cases occurred on 22 ~25 April 1998 and one on 12 April 1999 whewre synchro
nized n sit measured wave currentand elevation datawer collected fran a buoy at 38713 N
11819 E( shown n Fig. 1). The observed wind fields were prepared by Ocean University of
China The wave model and tidesurgemodelwere mplenenied on the2 x2' grid covering the
entire Bohai Sea The canpmrehensive eflects of different phy sicalmechanisn s on wave heights
and sea level in the Huanghe Delia coastal ara( specificalls 118 24 '~11924F 37748~
38°14 N ) can be analyzed by camparing results frim uncoup kd and coupled model sinulatbns
synchonized in sih measurments ofwave current and ekvation data.
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Fig. 1 The Bohai and H uanghe Delta coastal area with buoy beaton
- The finemesh grid in Fig. 1 is shown as 4't0 avoid blck ening the figure The actal reso lution & 2" in the canpu tation s

for the entire B ohai Sea

(2) mpactof radiation stiess onwave heights and sea level

The coupled wave tide surge modelused to investizake the inflience of radiatbn stress in
wave tide suge interactons only includes a radiation stress m echanisn Fig. 2 ~5 canpares
smulated and measured wave heights and sea level for the wo cases at the buoy Fmm
Fig.2 ~3 the wave heights smulated by coup kd wave tide suige model show overall mprove
mend particularl Hr the second stom case( 1 ~2 April 1999), campared b those smulaked
by the uncoupled wavemodel atmaxinun wave heights values Mowrovey Fig.4~5 show that
he sea level smulated by coupled wave tide surgemodel is mpwoved canpared to hose smula
ted by the uncoup kd tde suige model The mprovement ismore clearly evident at the m axi
mum setup vabes and in very good agreementw ith hemeasured data Radiation stress can
ncrease the wave heights by asmuch as 67 an  and sea level by asmuch as 50 an  This

ndicates he mpactof radiaton stress is positive
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(3) pactofwave current interaction botim stiess onwave heights and sea level

To investgate the influence ofwave curent interaction botian stress in w ave tide surge in-
teractions the coup kd wave tide surge model used ouag mncludes the wave curent interaction
bottan stressmechanisn. F .6 ~7 show canparisons of smulated and measured sea level for
he o cases at the buoy. It follows hatwave height estin ates( Figu res not shown ) are ah ost
he same as those in Fig. 2~3  Fig.6 ~7 show thatestmated sea level obtained from the cou
pled wave curentmodel are snaller than the results obtaned frum the uncoupled tide surge
model These effects can be understood in tems of the wave bottan effects The effects of
waves on the current botom boundary layer is significans and in fact the botion stress is i
creased due to he wave current interaction Therefow the coup kd wave currentmodel is an
m portan t conside mtion because of the physical factors that it epresents M oreover our resulis
mply that the coup kd wave curentmodel shoull be the basis for simulating he curent velocity
and sea level in the nearshore region The resulis also showed hat the mpact of wave current
n terac tion bottan stress is negative
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Fig 6 Can parisons of smu lated and measured sea level for the 20UTC 22 A pril 1998 02UTC 25 A pril
1998 stom s
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(4) mpactofwave age dependent surface w nd stress on wave heights and sea level

To investgate the nflience ofwave age dependent surface w ind stress n wave tide surge
nteractions the coupled wave tide- surgemodel incldes the wave- age dependen tm echan ign.
Fig. 8 ~9 show camparisons of smulaked and measured sea level for the wo cases at he bu
oy. Again ahost same wave height estimates( F gures not shown) as the Fig.2 ~3 were ob-
tained. Mowrover Fig. 8 ~9 show that the sea level smulated by coupled model is mpwved
canpared to sea level smulated by the uncoup kd tde suige model The mprovement is more
clearly evidentat the m axmum setup values and in very good agrementw ih the measurd
data These eflects can be understood because young w ind waves are usually steeper han old
wind waves and therebre extactmore manentum fran the air flow. As a esult airflov over
young w ind sea is mugher than over old w ind sea and wave age dependent surfacew ind stress
driving tide surge motion is generally increased canpared b traditional surface wind stress
W ave age dependent surface wind stress can ncrease he sea level by asmuch as25 an which

ndicates he mpactofwave state dependent surface wind stress is positive
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Fig 8 Canparisons of smu lated and measured sea level for the 20UTC 22 A pril 1998 02UTC 25 A pril
1998 stom s
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(5) Net mpact of all physicalmechanisns onwave heights and sea level

To investigate he net nflience of all physicalmechanisn s in wave- tide suge i terac tions
the coup kd wave tide- surge model inchides all physical mechanisns considered Fig. 10 ~ 13
show camparisons of sinulated and measured wave heights and sea level br he wo cases at
the buoy Fig.10~11 show that the wave heights smulated by coup led wave tied suige model
show overall mpwvement particularl for he second som case( 1 ~2 April 1999), can-
pared to those smulated by the uncoupled wave model at maxmum wave heights vahes
Agan thewaveheightestinateswere alost the sane as those in Fig. 2 ~3 w ith only radiation
stressmechanisn ncluded which indicates hat the wave height estmates fran differen t physt
calmechanisn s in the coup ling modelling change littk  This is because the mpacts of different
physicalmechanisn s on wave heights are mainly detem ned by wave current mteraction with
rmdiation stress in hewave eney equation However because the mpacts of different physi
calmechanisns on currents are not too large e feedback of this mpact on wave heightest
matks is very snall That is why the wave heightestmates fran differen t phy sicalm echanian s
look almostunchanged Moreover Fig.12~13 show that he sea level smulated by coup kd
wave tide surge model is mpwved canpared to hat smulated by the uncoup led tide- surge m od
el The mprovement is visib k particu larly at themaxinum setup values and n beter agree
mentwith the measured data Overall the canparisons fum the wo cases show that he cou
pled wave tde suige model gives beter results han he uncoup kd model The net mpact of
hreem ain physicalmechanisn s on sea level is around 20 an. Thatmeans he positive inpact
fran w ave- age dependent surface w ind stress and radiation stress dam inates over the negative
mpact fran wave curent intemction bottan stress This is very mportant for desgn criteria
and ocean engineering of offshore stuctures and for marne environment forecasts M owroves
he stoms considered n his study were relatvely moderate Strong waves exira tropical
sbms or typhoon force stom s causing bigwaves and strong setup in the Huanghe Delta coastal
areawoull give more dranatic resulis In hese ciram stances it is expecied hat he positive

net impacts of three main physical m echan igns woull be much, lager
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IV. CONCLUD NG REMARKS

The focus of this sudy is a coastal high-resolutn ( 2'x 2" woway coupled wave tide
sumge interactonmodel to study he neteffects of severl physicalmechanisn s on wave heights
and sea level Camparisons and analysis of smulated and m easured w ave heights and sea level
considered wo moderate sbm cases for the Huanghe Delia coastal area and gave a quantitative
estinate and appraisal for the wave tide suige coup ling interaction W e show that the effects of
diflerent physicalmechanisn s on wave heights are mainly detem ined by wave current in ke rac
tionw ith adiation stess in hewave energy equatbon W ave age dependent surfacew ind stress
and radiatbn stressmechanisn s in the coupling wave tide surge interacton show positve inpact
on sea level and wave current interacton botian stress mechanian show negative mpact on
sea kvel The canprehensive effects of the hee main physicalmechanisn s show positive net
mpact on sea kvel and increase it by asmuch as 25 an. Overall we shov that the wave
heights and sea level smulated by the coupled wave tide surge model agre betier with the
measured values han uncoup kdmodel results particularly for peak stom conditions There
bw we suggest hat for accurate risks assessmentof stom suge and wave hazards and predic
tion app lications and for offshore design the coupled wave tide surge model should be mple
mented and hee main physicalmechanisns should be ncluded particular forh igh waves and
strong set up associated with typhoon or extra topical conditions existing n the Huanghe Delta

coastal area of the Bohai Sea
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