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Highlights | Tiéu diém

e A novel methodology for modelling medium-term beach change is proposed.
Mot phuong phap méi dé mo hinh héa bién ddi bai bién trung han duge dé xuat.

e We calibrate XBeach for modelling storm-induced erosion and post-storm recovery.
Chung t6i hiéu chinh XBeach dé mo hinh héa x6i 16 do bao va phuc hoi bai bién sau bao.

e Annual beach change is successfully simulated using the XBeach calibrations.
Su bién dbi bai bién hing nam duge mé phrong thanh cong bing cach hiéu chinh XBeach.

e The methodology provides encouraging results at modelling medium-term beach erosion.
Phuong phap nay cho két qiia kha quan trong mé phéng x6i bai trung han.

Tém tit ndi dung

This paper presents a methodology for modelling medium term (annual to decadal) cross shore beach profile
change and erosion. The statistical-process based approach (SPA) presented here combines detailed statistical
modelling of offshore storm climate with a process based morphodynamic model (XBeach), to assess, and quantify
morphodynamic variability of cross shore beach profiles. Until now, the use of process based models has been
limited to simulations at storm event timescales. This methodology therefore represents the first application of a
fully process based model in longer term simulations, as such, the approach requires simulation of post-storm beach
profile recovery as well as individual event impacts. Narrabeen Beach, NSW, Australia was used as a case study
for application of the technique due to the availability of an extensive set of storm and beach profile data. The
results presented here demonstrate that the methodology produces encouraging results for determining medium
term beach profile variability and erosion.

Bai bao nay trinh bay moét phuong phap mo hinh héa trung han (giai doan nam dén thap ki) cho sy bién dong
va x6i 18 mit cit ngang bai. CAch tiép can dya trén qia trinh ngdu nhién (SPA) trinh bay & day da két hgp mo
hinh théng ké chi tiét vé ché do bao ngoai khoi véi mot mé hinh hinh théi dya theo qia trinh (XBeach), dé danh
gia va dinh lugng su bién ddi hinh thai clia mat cdt ngang bai. Cho dén gid, viec a4p dung cac mo hinh dya theo
qua trinh déu bi han ché chi mé phéng dudce cho quy mo thdi gian tran bao. Do vay, phuong phép nay thé hién lan
dau mot mo hinh hoan toan dua theo giia trinh duge ap dung dé mo phéng thdi doan dai hon. Nhu vay céch tiép
can nay yéu cau mo phéng sy hoi phuc mat cit ngang bai sau bao ciing nhu tac dong cia timg con bao. Bai bién
Narrabeen thuoc bang NSW, Uc, dugc chon lam nghién ciu dién hinh cho viéc ap dung ki thuat nay, do cac sb lieu
miit cit bai va nhiéu sb lisu bao c6 sin. Két qiia trinh bay & day thé hién ring phuong phap cho két qiia kha quan
khi xac dinh mitc do x6i 16 va bién dong bai thoi doan trung binh.

Keywords: Storm erosion; Extreme storm statistics; XBeach; Beach erosion and accretion; Beach profile morpho-
dynamics; Narrabeen Beach

Tit khoa: x6i & do bao; théng ké bao cyc han; XBeach; x6i 16 va boi tu bd bién; dong hoc hinh thai mat cit ngang
bai; bai bién Narrabeen



1 Introduction | Gigi thiéu

Increasing awareness of the importance of medium to long
term morphological change to coastal sustainability has
led to a requirement for methodologies to support predic-
tions over these time scales. Linked to this is the rising
prevalence of process based morphodynamic modelling.
These two factors have resulted in a requirement for the
application of process based models to be extended, to
allow the assessment of beach change beyond short term
time scales. As this has yet to be achieved, this paper dis-
cusses how a statistical framework (Callaghan et al., 2008)
can be combined with the process based coastal morpho-
dynamic model XBeach (Roelvink et al., 2009), to form
a statistical-process based approach for forecasting cross
shore, storm driven, beach change at a medium term time
scale.

Quantifying beach morphodynamic variability using a
benchmark 1 in N year event has inherent limitations.
Hawkes et al. (2002) show that, for a forcing system with
multiple variates, such as storm events, the return pe-
riod of the individual variates does not necessarily match
those of the system response. One such reason for the dif-
ference is that, during beach erosion, the formation of a
new equilibrium profile requires a finite time, meaning ero-
sion is dependent on duration (Kriebel and Dean, 1993).
A benchmark event is also unable to account for two (or
more) storms occurring in quick succession and effectively
merging into one erosive event. Should this occur, there
is greater erosive impact on the beach than if separated
by a time sufficient enough to allow for natural recovery
(accretion). To improve the representation of the forcing
conditions, Callaghan et al. (2008) developed a statisti-
cal framework for modelling extreme storm climate and
beach erosion, known as the Full Temporal Simulation
(FTS). This model combines the multivariate statistical
modelling of individual storm events with a non homoge-
neous Poisson process for modelling event spacing which
allows for the prediction of a time series of storm (erosion)
events and calm (accretion) periods, leading to a more re-
alistic quantification of beach erosion. They combined this
model with the empirical storm erosion model of Kriebel
and Dean (1993) to determine beach erosion. The useful-
ness of this model was also demonstrated by Ranasinghe
et al. (2011a) who combined it with a simplified empiri-
cal model (Larson et al. 2004) to estimate dune erosion at
Narrabeen Beach over a 110 year period incorporating sea
level rise. Both approaches are limited as the post-storm
recovery of the profile was estimated using an empirical
technique, as the structural functions used to determine
erosion are not capable of predicting post-storm beach re-
covery.

Process based techniques for the modelling of cross
shore beach behaviour have existed for some time with
numerous models available (UNIBEST-TC (Reniers et al.,
1995), CROSSMOR2000 (van Rijn, 1996) and SBEACH
(Larson and Kraus, 1989)). van Rijn et al. (2003) provide
a detailed review of the capabilities of these models to pre-
dict cross shore profile change. This study involved storm
and seasonal time scales with some models shown to pro-

Cang nang cao nhan thiic duge tam quan trong clia bién
déi hinh thai tir trung han dén dai han t6i sy bén viing
vimg bd, ngudi ta di c6 yéu cau nhitng phuong phép trg
gitp du doan theo ¢6 thoi gian nhu vay. Kem theo dé 1a
sit vtu thé ngay cang ting ciia viéc mo hinh héa dong lyc
hinh thai. Hai yéu t6 nay da din dén yéu cau mad rong ing
dung nhitng mo6 hinh dya trén qia trinh, dé cho phép danh
gia bién ddi bai vugt ngoai nhitng cd thai gian ngin han.
Khi ma diéu d6 chua dat duge, bai bao nay thao luan cich
két hgp mot khung théng ke (Callaghan & nnk., 2008) véi
mo hinh dia mao hinh thai dya theo qia trinh viing bg,
XBeach (Roelvink & nnk., 2009), dé hinh thanh mot cach
tiép can dya trén qua trinh thdng ké nhim dy bao sy thay
déi bai bién huéng ngang bd do bao trong cd thoi gian
trung binh.

Viéc lugng héa bién déi dong luc hinh thai bai bién
bing cach ding thang chuan la sy kien xuit hien 1 lan
trong N nam thi c6 nhitng han ché ré rang. Hawkes &
nnk. (2002) cho thiy ring véi mot he théng dong luc ¢6
nhiéu bién s6, nhu cac tran bao, thi thai ki lap lai ctia
ting bién don 18 khong nhat thiét phai khép vdi cac bién
phan hoi hé théng. Mot trong sb6 cac 1y do khac biét 1a,
trong qua trinh x6i 16 bai, sy hinh thanh mot mit cit can
bing méi doi héi thdi gian hitu han, nghia 13 x6i 16 phu
thudc vao thoi doan (Kriebel & Dean, 1993). Mot su kién
tieu chuan ciing khong thé xét dén hai (hay nhiéu) tran
bao x3y ra lién tiép ma that sy quyén vao tao nén mot sy
kién x6i 16 duy nhat. Néu xay ra diéu do, sé c6 tac dong
x61 béi 16n hon la khi cac tran bao phan biét bdi cac thoi
doan dt dai dé cho phép ty hoi phuc (boi tu). Dé cai thien
cach biéu dién cac diéu kien dong lic, Callaghan & nnk.
(2008) da phét trién mot khung tinh toan thong ke dé mo
hinh héa ché d6 béo cuc han va sy x6i 16 bai bién, dugce
goi 13 Mo phéng toan thai gian (FTS). Mo hinh nay két
hop cach mo hinh héa thég ké da bién clia tiing tran bio
v6i qua trinh Poisson khong ddng nhét dé mé hinh hoéa
khoang cach thoi gian gitta cac sy kién, tir dé cho phép
dy dodn mot chudi thai gian gom cac sy kien bao (x6i) va
ling (boi tu), dan dén cach lugng hoa xo6i 16 bai thuc té
hon. Ho két hop mo hinh nay véi md hinh x6i bao thuec
nghiém ctia Kriebel va Dean (1993) nhiim xac dinh sy x6i
16 bai. Sy hitu ich ctia mo hinh nay cling dugc gidi thiéu bai
Ranasinghe & nnk. (2011a), nhém tac gia d6 da két hgp
n6 v6i mot mo hinh thye nghiém duge gidn héa (Larson &
nnk. 2004) dé udc tinh sy x6i 16 con cat & bai bién Beach
trong sudt thai doan 110 nam c6 xét dén nuée bién dang.
C4 hai cach déu bi han ché do st phuc hdi sau bao ciia
mit cat dugc uée tinh bang cach thyc nghiém, vi cac tinh
ning mo hinh duge ding dé xac dinh x6i 16 thi khong thé
uéc tinh duge su phuc hoi bai sau bio.

Cac ki thuat dya trén qia trinh dé moé hinh hoéa tng xi
huéng ngang bai da ton tai duge mot thoi gian véi nhidu
mo hinh sén ¢6 (UNIBEST-TC (Reniers & nnk., 1995),
CROSSMOR2000 (van Rijn, 1996) va SBEACH (Larson
vh Kraus, 1989)). van Rijn & nnk. (2003) trinh bay téng
két chi tiét nhitng tinh nang clia cAc mo hinh nay trong
viec dit doan sy bién dong mit cit ngang bai. Nghién ciu
nay cé nhitng ¢ thdi gian tran béo va ¢d mua véi mot s6



duce good representation of different profile features at the
seasonal timescale. However, the sustainability of process
based models for simulating beach change beyond a storm
timescale has yet to be demonstrated.

XBeach, as a tool for modelling coastal change, has
been extensively validated against numerous flume exper-
iments (1D) and some field case studies (2DH) (Roelvink
et al., 2009). The model has then been successfully applied
to simulate storm response of sandy beaches at Assateague
Island, Maryland (Roelvink et al., 2009), Santa Rosa Is-
land, Florida (McCall et al., 2010) and Ostend Beach, Bel-
gium (Bolle et al., 2010). More recently, the use of XBeach
has been extended to the modelling of gravel beach vari-
ability (de Alegria-Arzaburu et al., 2010; Jamal et al.,
2010; Williams et al., 2012). Until now its use has been
curtailed at the storm event timescale (hours to days). Al-
though XBeach has been validated and used extensively
for erosive conditions, it has not been successfully vali-
dated or used to simulate post-storm beach accretion and
recovery.

The aim of this paper is to expand on the studies of
Callaghan et al. (2008) and Ranasinghe et al. (2011a), to
overcome the limitations of their models as a result of us-
ing empirical/data driven approaches to determine storm
erosion/post-storm recovery. Here we will attempt to sim-
ulate medium term beach change using a fully process
based approach, by combining the FTS approach with the
XBeach model, hereafter known as the Statistical-Process
based Approach (SPA). To the authors’ knowledge, this is
the first attempt of calibrating XBeach to simulate beach
recovery and, use a fully process based model to simulate
beach change at medium term timescales. The SPA will
provide useful insights into current capabilities of XBeach
at medium term beach modelling.

2 Field site | Dia diém khao sat

mo hinh duge cho thiy da biéu dién tét cac diac diém mat
cat ngang khac nhau trong quy moé thdi gian mua. Tuy
nhién, sy vitng vang ctia cac mo hinh theo qia trinh trong
viec mo phéng thay doi bai bién véi ¢ thoi gian lau hon
tran bao vAn chua duge thé hien.

XBeach, mot cong cu dé mo hinh héa bién déi bd bién,
da dugc kiém dinh ki qua nhidu thi nghiém maéang séng
(1 chiéu) ciing vai nghién citu hién trusng cu thé (2DH)
(Roelvink & nnk., 2009). M6 hinh sau d6 da dugce ap dung
thanh cong dé mo phéng sy phan hdi ciia bai bién cat tai
Déao Assateague, bang Maryland (Roelvink & nnk., 2009),
Déao Santa Rosa, bang Florida (McCall & nnk., 2010) va
bai bién Ostend, Bi (Bolle & nnk., 2010). Gan day hon,
cach ding ciia XBeach da duge md rong dé mo hinh héa
sut bién ddi bai bién cuoi séi (de Alegria-Arzaburu & nnk.,
2010; Jamal & nnk., 2010; Williams & nnk., 2012). Dén
gig tng dung clia né gio day da dugc rat gon vé c§ thoi
gian tran bao (tU vai gio dén vai ngay). D XBeach da
duge kiém dinh v ding nhiéu cho cac diéu kien x6i 16,
song né van chua duge kiém dinh thanh cong hay diung dé
mo6 phéng qia trinh bdi tu va phuc hdi bii sau bio.

Bai bao nay nham mdé rong nhitng nghién citu cia
Callaghan & nnk. (2008) va Ranasinghe & nnk. (2011a),
dé vuot qua nhitng han ché trong mo hinh ctia ho nhu
la két quia st dung cac phuong phép thuc nghiem/dicu
khién béi dit lieu, dé xac dinh sy x6i trong bao/hdi phuc
sau bao. O day ching toi sé ¢6 géng mo phéng su bién
déi bai bién trung han bing phuong phap hoan toan duya
theo qua trinh, bing cach két hop cach tiép can FTS véi
mo6 hinh XBeach, tit day sé dugc goi véi tén Céch tiép can
theo qua trinh thong ke (SPA). Nhu cac tac gia duge biét,
day 1a nd lyc dau tien dé hiéu chinh XBeach nhim mo
phong st hoi phuc bai, va dung mot mé hinh hoan toan
dya theo qgtia trinh dé mo phéng su thay déi bai trong cd
thoi gian trung han. SPA sé cung cip nhitng thong tin sau
hitu ich vé kha ning XBeach dé mo6 hinh héa trung han
cho bai bién.

2.1 Narrabeen Beach | Bai bién Narrabeen

Narrabeen Beach is located approximately 20 km north
of Sydney, NSW, Australia (Hinh 1). It is a 3.6 km long
embayed beach that experiences semi diurnal, microtidal
conditions with a mean spring tidal range of 1.25 m (Short,
1984). The region is subjected to highly variable, moder-
ate to high energy incoming wave conditions as the wave
climate is driven by a number of cyclonic sources, with
storms reaching the beach throughout the year (Short,
2006; Short and Trenaman, 1992). The beach predomi-
nantly exhibits an intermediate state, but has been shown
to frequently change between all states (Wright and Short,
1984).

The beach sediments are quartz and carbonate sands
with median diameter (Dsg) ranging from 0.25 to 0.50 mm
(Wright and Short, 1984). The morphodynamic variabil-
ity has been regularly and extensively monitored during
the last few decades with beach profiles being surveyed
at 5 locations (Fig. 1) along the beach by the Coastal

Bai bién Narrabeen nim céch khoang 20 km phia bic ciia
Sydney, bang New South Wales, Uc (Hinh 1). D6 la mot
bai bién dai 3.6 km, véi ché do ban nhat triéu yéu, do 16n
triéu cudng trung binh bing 1.25 m (Short, 1984). Khu
vie don séng t6i c6 nang lugng séng bién déi nhiéu, tir
trung binh dén manh, vi ché do séng dudc kiém oéat béi
nhidu ngudn gié xody, véi cac con bao dd bo vio b bién
quanh nam (Short, 2006; Short va Trenaman, 1992). Bai
bién thudong thé hién mot trang théi trung gian, nhung da
c6 nghién cttu chi ra syt thay déi thuong xuyen giita tat ca
nhitng trang thai (Wright va Short, 1984).

Tram tich bai bién 1a cét quartz va carbonat véi duong
kinh trung vi (Dsg) tr 0.25 dén 0.50 mm (Wright va Short,
1984). Sy bién d6i dong lic hinh thai duge quan tric ki
ludng va thuong xuyen trong sudt vai thap ki gan day véi
cac mat cat ngang bai duge khao sat ¢ 5 vi tri (Hinh 1) doc
theo bai bién do Ban nghién citu ba bién, Dai hoc Sydney
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Hinh 2: | Fig. 2. Variation in profile 4 measure-
ments from 1981 to 2005. e Sy thay ddi trong két
qua do mit cit 4 tit nam 1981 dén 2005.
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Hinh 1: |Fig. 1. Location of Narrabeen Beach, waverider buoy and measured profiles. Modified after Harley et al.
(2011b). e Vi tri bd bién Narrabeen, phao WaveRider va cac mit cit do dac. Stia lai tit Harley & nnk. (2011b).

Studies Unit, University of Sydney (Short and Tremba-
nis, 2004). The beach profiles surveyed at profile 4, where
long term longshore transport effects are minimal (Harley
et al., 2011a; Ranasinghe et al., 2004), are used in the
present study. Fig. 2 highlights the variability in profile 4
during the recording period.

thie hién (Short va Trembanis, 2004). CAc miit cit ngang
bai khéo sat & vi tri 4, ndi céc hiéu dng van chuyén bin
cat doc ba dai han la t6i thieu (Harley & nnk., 2011a;
Ranasinghe & nnk., 2004), dugc dung ¢ nghién citu nay.
Hinh 2 cho thiy 16 sy bién dong mat cit 4 trong qia trinh
do dac.

2.2 Offshore wave data | Sé liéu séng ngoai khai

Wave data collected between 1981 and 2005, offshore of
Botany Bay (Fig. 1) at a water depth of 85 m, using a
waverider buoy have been used in this study. During the
recording period the means H, and T were approximately
1.5 m and 10 s respectively, with the overall wave climate
being highly variable. Fig. 3 shows the plot of daily Hy
during 1982 to provide an insight into typical wave condi-
tions in the region. More information on the NSW wave

S6 lieu séng thu thap gitta nam 1981 va 2005, ngoai khoi
vinh Botany (Hinh 1) tai diém sau 85 m, bing phao wa-
verider. Trong giai doan do céac gia tri trung binh H va T
lan lugt xap xi 1.5 m va 10 s, v6i ché do séng chung bién
thien rat manh. Hinh 3 cho thay biéu do H, theo ngay
su6t nam 1982 gitp ta xem xét ki hon cac diéu kién séng
dién hinh trong ving. Thong tin them vé khi hau bang
NSW c¢6 thé tim trong cac tai lieu clia Short va Trenaman
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climate can be found in Short and Trenaman (1992), Lord
and Kulmar (2000), Kulmar et al. (2005), and Harley et al.
(2010).

Hinh 3: | Fig. 3. Typical annual daily Hs measure-
ments at Botany Bay for 1982. e Céc gia tri H,
dién hinh do dugc hiing ngay trong nim 1982 tai
Vinh Botany.

(1992), Lord va Kulmar (2000), Kulmar & nnk. (2005), va
Harley & nnk. (2010).

3 Statistical modelling | M6 hinh héa théng ké

Statistical modelling of the storm climate at Narrabeen
Beach follows the FTS procedure developed by Callaghan
et al. (2008). An overview of the procedure used in the
present study is given here as the approach adopted slightly
differs from that of Callaghan et al. (2008). Here, pairs of
peak significant wave height (H; max) of the storm events
and the corresponding period (T max) have been fitted
rather than pairs of H; and T. The modified FTS there-
fore requires Hg max, Tsmax, storm duration (D) of indi-
vidual storms and spacing (S) between storms only.

Based on the analysis of the incident wave climate
and erosion in the Narrabeen region, a correlation be-
tween large wave heights and erosion was evident. This
led to the recording of storm events in the region being
based around a wave threshold of 3.0 m (Kulmar et al.,
2005), as this was shown to best correlate with observed
erosion. Previous modelling studies at Narrabeen Beach
(Callaghan et al., 2008; Harley et al., 2009; Ranasinghe
et al., 2011a) have defined storm events when wave height
exceeds this threshold. The study of Harley et al. (2009)
used this threshold to model the response of Narrabeen
Beach to storm events and found that using the 3.0 m
value successfully captured the observed erosion.

The storms are extracted by clustering the wave data
using the threshold wave height of 3.0 m; a criterion of
24 h between events to ensure independence; and mini-
mum storm duration of 1 h. Following this approach, 539
storm events were identified for the 25 year wave record.
Fig. 4(a) and (b) show the details of actual storm events
D vs. Hg max va Ts max VS. Hg max respectively.

In order to determine a synthetic storm wave climate at
Narrabeen Beach, the FTS procedure fits the Generalised
Pareto Distribution (GPD), logistics distribution and a
3 parameter lognormal distribution to the storm events
identified, following the procedure outlined by Coles (2001)
and Callaghan et al. (2008). A Monte Carlo (MC) sim-
ulation using a Gibbs sampling technique (Geman and
Geman, 1984) and Box—Muller method (Box and Muller,

Mo hinh ho4 théng ké ché do séng bao & Bai bién Narrabeen
Beach tuan theo quy trinh FTS dugc phét trién béi Callaghan
& nnk. (2008). Tong quan vé quy trinh duge st dung trinh
bay & day vi cach tiép can hoi khac véi cach ctia Callaghan
& nnk. (2008). O day, nhitmg cap dinh chidu cao séng §
nghia (Hs max) ctia nhimg tran bao cung véi chu ki tuong
ttng (Tsmax) da duge ding dé khép duong cong thay vi
dung cac cap Hs va Ts. Do vay FTS hiéu chinh chi yéu
cat Hy max, Ts max, thoi doan bao (D) clia ting tran ciing
nhu khodng cach (S) gita cac tran.

Dya trén phan tich ché do séng t6i va x6i 16 tai khu
vitc Narrabeen, mot tuong quan gitta cac chiéu cao séng
16n va mitc do x6i 16 da ré rang. Didu nay dan dén viéc ghi
lai cAc tran bao trong viing dya trén mot ngudng chidu cao
séng bing 3.0 m (Kulmar & nnk., 2005), vi gia tri nay da
cho thay sy tuong quan chat ché nhat véi x6i 16 da quan
trac dude. Cac nghién ctu mo hinh hoa trude day tai bai
bién Narrabeen (Callaghan & nnk., 2008; Harley & nnk.,
2009; Ranasinghe & nnk., 2011a) da dinh nghia céc tran
bdo 1& khi chiéu cao séng viot qua ngudng nay. Nghien
citu ctia Harley & nnk. (2009) da ding nguéng nay dé mo
hinh hoa su phan hdi clia bai bién Narrabeen déi véi céc
tran bao va nhan thiy ring khi st dung gia tri 3.0 m thi
da bit dugc sb lieu quan trac x6i 16.

Nhitng tran bao da dugc két xuit bang viec nhém cum
s6 lieu séng bing ngudng chiéu cao séng 3.0 m; mot tiéu
chi 24 gid giita cac su kien duge ap dung dé dam bao tinh
doc lap giita cac tran bao; va bdo phai kéo dai toi thidu
1 gio. Theo cach nay, da nhan dién duge 539 tran bao tur
ban ghi séng 25 nam. Cac Hinh 4(a) va (b) cho thay chi
tiét clia cac tran bao thuc t& D so vOi Hg max V& Ts max
S0 VOi Hg max-

Dé xac dinh mot ché do séng bao tong hop tai bai bién
Narrabeen, quy trinh FTS khép dang phan bd Pareto tong
quat (GPD), phan b logistics v mot phan bd loga-chuan
3 tham bién cho cic tran bdo di nhan dién, theo quy trinh
vach ra bdi Coles (2001) va Callaghan & nnk. (2008). Mot
mo phéng (MC) c¢6 dung ki thuat 1ay mau Gibbs (Geman
va Geman, 1984) va phuong phédp Box—Muller (Box va
Muller, 1958) sau dé dugc ding dé phat sinh mot chudi
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Hinh 4: |Fig. 4. Determined storm events between 1981 and 2005. D vs. Hg max (a) and Ts max VS Hg max (b). Simulated
random 10 year storm climate D vs. Hg max (¢) and Ts max VS Hs max (d). ® Cac tran bao da xac dinh gitta 1981 va
2005. D 80 v6i Hg max (2) V& Ts max S0 VOl Hg max (b). D 80 v6i Hy max ctia ché do bao 10 nam. (¢) v& Ts max S0 vOi

Hs,max (d>

1958) is then employed to generate a random synthetic
time series of erosion and accretion periods, with parame-
ter values attributed to Hs max, Ts max, D and S of storm
events. For a full description of the FTS see Callaghan
et al. (2008) and references therein. The procedure is sum-
marised here for clarity:

1. Identify meteorologically independent storm events.
2. Fit the GPD to H; max and D.

3. Fit the dependency (logistics) distribution between
H, max and D.

4. Fit the 3-parameter lognormal distribution to Ts max.
5. Fit a non-homogeneous Poisson process to S.

6. Simulate the storm climate using the fitted distribu-
tions including storm spacing.

The number of random storm events required is de-
pendent on the final use of the synthetic time series. This
number has to be large enough to provide accurate estima-
tion of the maximum return level of interest. Generation of
more events than required will result in unnecessary com-
putational time. According to Hawkes (2000), the maxi-
mum return period of interest requires a MC simulation
size equal to the product of ten, the average number of
events per year (Ny) and the return period (RP) (i.e. MC
size = 10 x Ny x RP).

In order to demonstrate the SPA methodology pre-
sented in this paper, the maximum return period of in-
terest was taken as 1 year. For 539 events over the 25

thoi gian tdng hgp ngdu nhién gom céc thsi ki x6i va boi,
v6i cac gia tri tham s6 gom Hy max, Ts max, D va S clia cac
tran bdo. Dé c6 mot mo ta day di vé FTS, hiay xem bai
bao Callaghan & nnk. (2008) va nhitng tham khéo trong
dé6. Quy trinh nay dudc tém tat & day cho ré:

1. Nhan dién céc tran bio doc lap vé mat khi tugng.
2. Khép GPD cho H; max va D.

3. Khép dang phan b6 phu thude (logistics) gitta Hs max
va D.

4. Khép phan b loga-chuan 3 tham bién cho T max-

5. Khép mot qua trinh Poisson khong dong nhat cho
S.

6. Mo phéng ché do bao bing cic phan bé da khép bao
gdm ci khoang cach thdi doan gitta cac tran bao.

S6 cac tran bao ngdu nhién yéu cau thi phu thudc vio
cach ding cudi clia chudi thoi gian téng hop. Con sb nay
phai du 16n dé cung cip udc tinh chinh x4c gia tri 16n
nhét clia mitc quan tam lap lai. Viéc phét sinh ra nhiéu
tran bao hon yéu cau sé mat thai gian tinh toin khong can
thiét. Theo Hawkes (2000), thoi ki lap lai 16n nhat phai
doi héi mot kich ¢6 mé phéong MC béng tich cta 10, sb
tran bao trung binh méi ndm (Ny) va thoi ki 1dp lai (RP)
(nghia la ¢ MC = 10 x Ny x RP).

Dé minh hoa phucng phap SPA trinh bay trong bai
bao, chu ki lip lai 16n nhat dudc chon bang 1 nam. Véi
539 tran bao trong giai doan 25 ndm, Ny = 21.56; va véi



year period, Ny = 21.56; and with a maximum return
period of 1 year this led to a random time series of 216
storm events (corresponding to 10 years) being generated.
Fig. 4(c) and (d) gives plots of the randomly generated
D vs. Hs max; Tsmax VS. Hs max respectively. Comparison
between the measured (Fig. 4(a) and (b)) and randomly
generated events shows good correlation.

mot chu ki lap 16n nhat bang 1 nam thi didu nay dan dén
mot chudi thai gian ngdu nhién gom 216 tran bao (tuong
ing v6i 10 nam) duge tao nén. Cach Hinh 4(c) va (d) lan
lugt 1a biéu do ctia nhitng gia tri phat sinh ngu nhien D
S0 VvOi Hy max; Ts,max S0 VO Hg max. St so sanh gita cac
tran bao do dac (Cac hinh 4(a) va (b)) va tran bao phét
sinh da cho thiy tuong quan tot.

4 XBeach model | M6 hinh XBeach

XBeach (Roelvink et al., 2009, 2010) is a 2DH coastal mor-
phodynamic model developed to simulate dune erosion due
to hurricane impacts based on the regimes outlined by Sal-
lenger (2000). The model is based on the nonlinear shallow
water equations and resolves nearshore hydrodynamics by
employing a 2DH description of wave groups and infra-
gravity motions. Wave group forcing is derived from a time
varying wave action balance equation, which subsequently
drives the infragravity motions and longshore and cross
shore currents. The Eulerian flow velocities (ug) deter-
mined by the model governing equations are used to force
the sediment transport module.

The Lagrangian flow velocities (ur) are determined
from the shallow water equations and account for the wave
induced mass flux and the subsequent return flows (Eqgs.
(1) to (3)). They are related to ug by the Stokes drift (ug)
(Egs. (4) and (5)).

XBeach (Roelvink & nnk., 2009, 2010) 1& mo6 hinh dong
lize hinh thai 2 chiéu mit bing, duge lap nén dé moé phéng
x6i 16 con cat do bao, dua trén cac ché do theo Sallenger
(2000). Mo hinh dya trén cac phuong trinh nuée nong phi
tuyén va phan gidi thuy dong liyc gan bd bang cach ding
mot cach mo t4 theo 2 chiéu mit bang cho cac nhém séng
va nhing chuyén dong ngoai trong lyc. Luc tac dong béi
nhém séng duge suy ra tit mot phuong trinh can bing hoat
dong séng bién doi theo thai gian, It nay dan dit chuyén
dong ngoai trong luc va dong chay doc b cling nhu ngang
bd. Van téc Euler ctia dong chdy (ug) x4c dinh béi nhitng
phuong trinh co ban duge diing dé gay chuyén dong clia
bun cat.

Van toc Lagrang ctia dong chay (ur) duge xac dinh ti
cac phuong trinh nuéc néng va c6 xét dén luu lugng nude
don bdi séng va cdc dong chdy hoi quy tuong ting (cac
PT (1) dén (3)). Ching lien hé v6i ug thong qua dong
troi Stokes (ug) (cac PT (4) va (5)).
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where 7 is the bed shear stress; 1 is the water level; F'
is the wave induced radiation stress; vy is the horizontal
viscosity; and f is the Coriolis coefficient.

The sediment transport module uses a depth averaged
advection—diffusion equation (Galappatti and Vreugden-
hil, 1985) to determine sediment concentration (Cs), us-
ing an equilibrium concentration (Ce,) as a source term
(Eqg. (6)). The sediment transport gradients (¢, and g,)
are determined from u?, C, and the diffusion coefficient
(Dn) (Egs. (7) and (8)).

trong d6 7 1a ng sudt tiép tai day; n 1a muyc nudc; F
13 tng sudt phat xa do séng; v 1a do nhét theo phuong
ngang; con f 1a hé s6 Coriolis.

Mo-dun van chuyén bin cat st dung mot phuong trinh
chuyén tai-khuéch tan trung binh theo do sau (Galappatti
v Vreugdenhil, 1985) dé xac dinh nong do bun cat (Cy),
dung dén nong do can bang (C.,) nhu mot sé6 hang nguon
(PT (6)). Cac gra-dien van chuyen b cat (g, va g,) duge
xdc dinh tit uf, Cg v hé s6 khuéch tan (Dy,) (cac PT (7)
va (8)).

OhCy  OhCuf OhC,VE 0 0C, 0 aC; hCeq — hCy
OhCuf 0 0C5
wlont) = | 2G| 4 [ 2 o || ")
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Ce¢q is determined from, either, the Soulsby-van Rijn
formula (Soulsby, 1997) or the van Thiel-van Rijn for-
mulae (van Rijn, 2007a, 2007b; van Thiel de Vries, 2009)
with the change in bed level computed from the sediment
transport gradients (¢, and ¢,) and avalanching mecha-
nism when a critical bed slope is exceeded (Egs. (9) and
(10)). For storm simulations the Soulsby—van Rijn (SvR)
transport equation was used to determine C, (Egs. (11)
to (14)) with the van Thiel-van Rijn (vIvR) used for the
recovery simulations (Egs. (15) to (17)).

Ceq dugce xac dinh bang cong thitc Soulsby—van Rijn
(Soulsby, 1997) hodc cac cong thitc van Thiel-van Rijn
(van Rijn, 2007a, 2007b; van Thiel de Vries, 2009) véi su
thay déi cao trinh day bién tinh tit cdc gra-dien luu lugng
van chuyén bun cat (¢, and g,) va cd ché sat trugt day
khi do doc day vugt mic phan gidi (cac PT (9) va (10)).
V6i nhitng mé phéng bio, cong thitc van chuyén bin cat
Soulsby—van Rijn (SvR) dugc ding dé xac dinh C., (céc
PT (11)—(14)) v6i cong thic van Thiel-van Rijn (vIVR)
diing cho mo6 phéng phuc hdi (cac PT (15)—(17)).

A u? 24
Cog = =2 | [u®)? +0.018222 ) — ) (1 —apm) (11)
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Ag = — 007 16
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.012d5, D96
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[(s — 1)gdso]'2
A detailed description of the XBeach model is given in

Roelvink et al. (2009), Roelvink et al. (2010) and refer-
ences therein.

Mo t& chi tiét vé mo hinh XBeach dugc trinh bay
trong Roelvink & nnk. (2009), Roelvink & nnk. (2010)
cung nhing tai lieu tham khdo néu trong dé.

5 Modelling storm induced erosion and post-storm recovery | Mo hinh
héa x6i 16 do bao va phuc hdi sau bao

The calibration and validation of XBeach for simulating
storm induced beach erosion and post-storm recovery are
presented below. The results from this section demonstrate
the model setups required for use within the SPA.

Viéc hieu chinh va kiém dinh XBeach dé mo phéng x6i 18
bai do bio va phuc hoi sau bio sé dugc trinh bay sau day.
Két qua ti muc nay gidi thieu cach thiét 1ap mo hinh can
dé sit dung trong phuong phap SPA.

5.1 Storm erosion modelling | M6 hinh héa x6i 16 trong bao

Calibration and validation of XBeach were achieved by
modelling a variety of observed storm events that occurred
during the measurement period. It is essential that storm
events, which accompany measured pre- and post-storm
profiles, are used for calibration. It is also essential that
only one storm occurred between the selected profiles.

Viéc hiéu chinh va kiém dinh XBeach da dat dugc bing
cach mo hinh héa mét loat nhitng tran bao quan tric thiy
x4y ra trong giai doan do dac. Nhat thiét 14 nhing tran
bao, kém theo miit cit do dac truéc va sau bio, dude ding
dé kiém dinh. Ciing nhat thiét ring chi c6 mot tran bao
x4y ra giita cic mit cit da chon. Do tan s6 xuét hién



Bang 1: | Table 1. Details of storm events used for XBeach calibration. e Chi tiét cac tran bio diung dé kiém dinh

XBeach.

Storm Profile dates Storm dates Hj 1ax date Hg max (m) D (hrs) T, (s)
Tran bio  Ngay do mit cat Ngay bao Ngay ¢6 Hysmax Hsmax (m) D (gio) T, (s)
1 Start — 31/05/83  Start — 04/06/83 04/06/83 3.89 77 12.4

End — 16/06/83  End — 08/06/83
2 Start — 30/10/87 Start — 11/11/87 11/11/87 6.32 46 9.85

End — 27/11/87  End — 13/11/87
3 Start — 19/05/94  Start — 09/06/94 09/06,/94 4.61 53 9.85

End — 21/06/94 End — 11/06/94
4 Start — 14/10/94  Start — 20,/10/94 20/10/94 5.33 22 9.85

End — 16/11/94

End — 21/10/94

Due to the high occurrence frequency of storms in the
Narrabeen region (one approximately every two weeks)
and the fact that profile measurements had been carried
out only once a month, storm events that satisfy both re-
quirements are sparse. Analysing the 25 year storm and
beach profile survey records, four storm events with vary-
ing Hs max and D were selected for calibration. The se-
lected storms are shown in Table 1.

As the available wave data are non directional, wave
approach was assumed to be orthogonal to the shoreline
with one directional bin. Hourly Hy values along with the
energy spectrum were determined for each storm event,

cao clia nhiing tran bao trong ving Narrabeen (mot tran
trong khoang méi 2 tuan) va thue té ring do dac mit cit
chi dugc thie hién khoang 1 thang 1 1an, nén nhitng tran
béo thod man cd 2 diéu kién trén thi rat tan mat. Sau khi
phan tich ban ghi 25 nim bdo va mit cit ngang bai do
trén thyuc dia, ¢6 4 tran bio v6i Hg ymay va D bién déi da
dugc lua chon kiém dinh. Cac tran bao lwa chon dude chi
ra trong Bang 1.

Vi s6 lieu séng hién c6 déu khong chia huéng, nén
song t6i dugc coi nhu la vudng géc duong bs véi mot
phan huéng. Cac gia tri H, ting gid cling phd ning lugng
dugc xac dinh cho ting tran bao, véi dicu kién bién séng

with the offshore wave boundary condition defined in XBeachnude sau duge dinh nghia trong XBeach ¢ moi gid st dung

each hour using the JONSWAP spectrum. Using 1 h dura-
tion JONSWAP spectra best encapsulate the actual storm
profile.

To produce a computationally efficient setup and en-
sure that the processes are represented as accurately as
possible, variable grid spacing was applied to the simula-
tions. The grid spacing was defined by assuming a mini-
mum short wave period (Ty,,) of 5 s, keeping at least 12
grid points per wave group length and assigning a min-
imum grid spacing of 2 m (the recommended minimum
value). This resulted in 617 grid points across the model
domain, with a maximum spacing of 13 m near the off-
shore boundary varying down to a minimum value of 2 m
nearshore. For all simulations, an average Dsg value of
0.37 mm has been implemented (Wright and Short, 1984).

The accuracy of model simulations is assessed using a
Brier Skill Score (BSS), which has become a common prac-
tice within coastal numerical modelling (Pedrozo-Acuna
et al., 2006; Roelvink et al., 2009; Sutherland et al., 2004;
van Rijn et al., 2003; Williams et al., 2012). The BSS
for comparing measured and simulated profiles is given
in Eq. (18).

BSS:I—{

where z,, is the predicted profile from XBeach; z,, is the
measured profile (post-storm) and z} is the initial (pre-
storm) profile. The BSS classification given by van Rijn
et al. (2003) states that BSS < 0, ‘bad’; 0-0.3, ‘poor’;
0.3-0.6, ‘reasonable/fair’; 0.6-0.8, ‘good’; and 0.8-1.0, ‘ex-
cellent’.

As the SvR formula was developed under bed and sus-
pended load conditions, it is not strictly valid for high

phé JONSWAP. Viec dimg phé JONSWAP thasi doan 1 h
da bao ham t6t nhat dic trung bao thyc té.

Dé tao nén cach thiét lap hieu qui nhat vé mat tinh
toan, va dam bao ring céc qua trinh déu dugc thé hien &
mitic chinh xac nhét cé thé, cic mo phéng déu ding cach
chia luéi khong déu. Bé rong 6 lusi dude xac dinh bing
cach gid sit mot chu ki séng ngan t6i thiéu (T),,) bang
5 s, qua d6 giit it nhat 13 12 diém nit ludi trong moi chidu
dai nhém séng va dn dinh bé rong o ludi t6i thiéu bing
2 m (gia tri t6i thiéu dugc khuyén nghi). Diéu nay dan
dén c6 617 diém nit lugt doc mién tinh toan, véi khoing
cach 16n nhit 14 13 m gan bién ngoai khoi vi thu hep dan
vé gid tri nhé nhat bing 2 m & gn bd. Trong tat cd mo
phoéng, mot gia tri trung binh D5y dude lay bing 0.37 mm
(Wright and Short, 1984).

Do chinh xéc clia cac mo phéng dude danh gia bing
Diém ki niang Brier (BSS), von da trd thanh mot quy tic
thire hanh chung trong linh vifc mé hinh ho4 sb tri ving
ven bd (Pedrozo-Acuna & nnk., 2006; Roelvink & nnk.,
2009; Sutherland & nnk., 2004; van Rijn & nnk., 2003;
Williams & nnk., 2012). Diém BSS dé so sanh cac mit ct
md phéng va do dac duge cho béi PT (18).

)| )

(lzp — zm[?)

trong d6 z, 1& mat cit udc tinh tir XBeach; x,, 1a mat cit
do dac (sau bdo) vA xp 13 mit cit ban dau (trude bao).
Céch phan loai BSS ctia Van Rijn & nnk. (2003) cho réng
BSS < 0 1a ‘kém’; 0-0.3, ‘yéu’; 0.3 0.6, ‘thudng’; 0.6-0.8,
‘kh&’: and 0.8-1.0, “t6t".

Vi cong thitic SVR duge phat trién cho diéu kien tai
lugng cat day va lo ling, nén n6é khong hoan toan dung
véi cac truong hgp dong rita tréi, c6 tdc do cao nhu dang



velocity, sheet flow situations such as those encountered
in this application. To overcome this, XBeach allows for a
threshold velocity condition to be enforced reducing the
stirring velocity (uZ;,yin,) during sheet flow situations
(Eq. (16)). Under waves and currents, sheet flow condi-
tions occur when the Shields parameter (#) exceeds 0.8
(Soulsby, 1997) with a suggested limiting maximum value
(Omaz) of 0.8 to 1.0 (Roelvink et al., 2010). The u2y;, i,
limitation is enforced by defining 6,4, (Eq. (17)). McCall
et al. (2010) set 6,4, = 1.0 for modelling hurricane im-
pact at Santa Rosa Island, FL, USA, and investigate the
effects of a range of 0,4, (0.8-1.2) on model results. As
the mean Djyy at Narrabeen Beach (0.37 mm) is greater
than that at Santa Rosa (0.20 mm), the influence of sheet
flow will be less and the requirement for a limiting 6,4,
will be lower. However, as 6,4, is necessary for using the
SvR formula in high velocity situations, it was decided to
use O = 1.0 in the present study.

gap trong ing dung nay. Dé khic phuc, XBeach cho phép
mot diéu kien van téc ngudng dé ap dit nhim gidm van
toc khudy (u2;,in,) trong cac tinh huéng dong rita troi
(PT (16)). Duéi tac dung ctia séng va dong chay, diéu kien
rita troi xay ra khi tham s6 Shields () vugt 0.8 (Soulsby,
1997) v6i mot gia tri 16n nhat (0,,4,) khuyén nghi tir 0.8
dén 1.0 (Roelvink & nnk., 2010). Han ché ctia uZ4,,.4,, bi
ap dat bang cdch dinh nghia 6,4, (PT (17)). McCall et al.
(2010) d#t 0,42 = 1.0 cho mo hinh hoéa tac dong bao xody
déi v6i dido Santa Rosa, FL, My, v khao sat anh hudng
ctia mot khodng bién ddi 6,4, (0.8-1.2) lén két qui mo
hinh. Vi Dy trung binh ¢ bai Narrabeen (0.37 mm) lén
hon & Santa Rosa (0.20 mm), &nh hudng ctia dong rita troi
sé yéu hon va it can dén gia tri nguong 0,,... Tuy vay, vi
Omae can thiét dé sit dung cong thitc SVR trong trudng
hgp van tdc cao, nghién ctu nay da quyét dinh st dung
Omaz = 1.0.

0.018
|uE|2 + 7u%ms 0 < Omax
w2, = Q (19)
stirring 0 gD5OA 0> 0
max cr max
2
CfUstirrin
gmaw = T 20
AgDso (20)

where 6 is the Shields parameter; 6,4, is the maximum
Shields parameter (start of sheet flow); J is the relative
density of sediment; c; is the flow friction coefficient; and
Cp is the drag coefficient.

Invoking 6,4, reduces u?,,.... 4» Which in turn reduces
C¢q and therefore limits the volume of sediment carried by
the water column. This will reduce the sediment transport
rates, and the overall erosion of the beach. In order to fur-
ther improve model outputs, three parameters that influ-
ence model simulations (Chézy coefficient, C'; permeability
coefficient, k; and wet cell gradient prior to avalanching,
wetslp) were varied in an attempt to calibrate the model
against the measured post-storm profiles.

XBeach uses the Chézy bed friction relationship in the
flow module. The relationship between flow friction coef-
ficient (cy) and C' (Eq. (21)) means a reduction in C' or
an increase in ¢y will result in a decrease in erosion, by
reducing flow velocities. The default values of ¢y and C
are set in XBeach as 0.003 and 55 respectively.

Cf =

When 0,4, is implemented, in addition to the decrease
in flow velocities, reducing C will reduce u?,;,..;,, g and Ceq.
This further limits the volume of sediment that can be
transported in the water column, reducing the sediment
transport rates and the overall erosion. As sediments at
Narrabeen Beach are medium to coarse sands it is possible
that the C value may be less than the default value of 55.
Sensitivity tests were carried out to determine appropriate
C and cy values for the model setup.

The XBeach model includes a basic groundwater mod-
ule in order to simulate infiltration and exfiltration to and
from the beach. This module utilises the principle of Darcy
flow and includes vertical interaction between surface wa-

10

trong dé 6 1a tham s6 Shields; 6,4, 1& tham s6 Shields t6i
da (bat dau c6 dong rita troi); 6 1a mat doi tuong doi cia
bun cét; ¢y 1a he s6 ma sat dong chay; con Cp la he s6
can.

L N .o 2
VIGC tang omam lam glam ustirring7

dén luot né lai lam
gidm C,, vh do vay han ché thé tich biin cdt mang di béi
cot nude. Didu nay sé lam gidm luu lugng van chuyén bin
cat, va mic do x6i 16 chung ciia bai. Nham cai thién hon
nita két qua mo hinh, ba tham sé Anh huéng dén mo phéng
(he s6 Chézy, C; he s6 tham, k; va do doc 6 lusi uét trude
khi x4y ra sat trugt, wetslp) da dugc thay ddi nham hieu
chinh mé hinh theo cac mat cit thuc do sau bao.

XBeach st dung hé thitc ma sat day Chézy trong mo-
dun dong chéy. He thiic gitta he s6 ma sat dong chay (cy)
va C (PT (21)) dong nghia véi viec sy gidm C hay tang cy
sé dan dén gidm x6i 18, qua viéc gidm van tdc dong chay.
Céc gia tri mac dinh cta ¢y va C lan lugt duge dat bang
0.003 va 55 trong XBeach.

9

o2 (21)

Khi thiye hien 6,4, thi ngoai viéc gidm van tdc dong
chdy, gidm C' s& lam gidm u2;;,.,.;,, V2 Ceq. Dicu nay con
gi6i han thé tich bun cat c¢6 thé van chuyén trong cot nudc,
lam giam luu lugng van chuyén bimn cat va su x6i 16 néi
chung. Vi bun cat trén bai bién Narrabeen thuoc loai cét
trung dén tho nén c6 thé gia tri C' nhé hon gia tri mac
dinh bing 55. Nhitng phép kiém tra do nhay dugdc tién
hanh dé xac dinh cac gia tri phit hop ctia C va ¢ ¢ phuc vu
thiét 1ap mo hinh.

Mo hinh XBeach bao gdm mot mo-dun co ban vé nudc
ngam nham mdé phéng sy thAm xudng va trao ngude nuée
len mit bai bién. Mo dun nay st dung nguyén 1y dong
chay Darcy flow va bao gom tuong tac phuong ding giita



Béng 2: | Table 2. Results for XBeach calibration of storm events. ® Két qua hiéu chinh XBeach cho céac con béo.
Storm BSS Vol. Err.

Con bao Sai sb thé tich
1 0.91 +6%
2 0.52 +9%
3 0.81 -1%
4 0.78 -1%

ter and groundwater. The infiltration and exfiltration to nudc mat va nuée ngdm. Sy thAm xudng va trao nude len
and from the beach is defined by a flow velocity (w) and bai dugc dinh nghia bdi mot van téc dong chay (w) va
is positive from surface water to the groundwater. When c¢6 gié tri duong tit nuéc miit xudng nuée ngam. Khi muyc
the ground water level (74,,) is greater than the bed level nudéc ngam (14,) cao hon cao trinh ddy (z;), sé xuat hien
(zp), exfiltration takes place and the volume of groundwa- sy trao nude va thé tich nudéc ngam hoa vio nudc miit
ter joins the surface water within the same numerical time ngay trong ctiing buéc thoi gian s6 tri (PT (22)). Su tham
step (Eq. (22)). Infiltration of surface water into the beach nudc mit xudng bai thi xay ra khi myc nude ngam thap
takes place when the groundwater level is less than the bed hon cao trinh day va duge xac dinh qua hé thic dong chéy
level and is determined using the Darcy flow relationship Darcy (PT (23)).

(Eq. (23)).
U e
Wy 5 = ( N por (22)
dp
=k, (—+1 23
w=k. (£ +1) (23)
The k values tested were determined using the average Céac gia tri k thi nghiém duge xic dinh bing dudng

grain diameter (0.37 mm), a kinematic viscosity at 20°C  kinh hat trung binh (0.37 mm), he s6 nhét dong hoc ting
and 35 ppt salinity (v = 1.05 x 107%: average conditions vgi 20°C va do mudi 35 ppt (v = 1.05 x 1076: didu kien
at Narrabeen Beach) and a range of porosities suggested trung binh & bai bién Narrabeen) va mot khoéng do réong
for sandy beaches (Soulsby, 1997). All simulations have khuyén nghi cho bo bién cat (Soulsby, 1997). Tét ci mo
no geometric variation in k (i.e. k, = k, = k.) and the phong déu khong c6 bién d6i hinh hoc vé k (tiic 1a k, =

groundwater level remained constant at MSL. k, = k) vA muc nude ngdm git nguyén tai muc nude bién
The parameters discussed above were tested systemat- trung binh.
ically in order to determine the most appropriate model Céc tham sb néu tréen duge kiém tra mot cach cé he

setup. The best setup was taken as the one that produced théng nhim xéc dinh cach thiét 1ap mo hinh phit hgp nhét.
the highest average BSS and lowest average volumetric Mg hinh duge thiét lap t6t nhat khi né cho ra diém BSS
error across all storm events. Table 2 and Fig. 5 compare binh quan cao nhit va sai sé thé tich binh quan thip nhat
measured and simulated post-storm beach profiles for the trong tit ca nhing tran bdo. Bang 2 va Hinh 5 so sénh
individual storm events given in Table 1. The results in  cac mit cit bai sau bao thyc do va mo phéng cho ting
Table 2 show that the model Setup has resulted in BSS tran bao riéng 1é hét ke trong Bé’ng 1. Két qué G Béng 2
ranging from 0.91 (‘excellent’) to 0.52 (‘reasonable/fair’). cho thy réing mo hinh da thiét lap cho diém BSS bién ddi
These give an average BSS and volumetric error of 0.76  tit 0.91 (‘xuét sic’) dén 0.52 (‘trung binh’). Két qua cho
(‘good’) and +3% respectively. The parameters that pro- ta diém BSS trung binh va sai s6 thé tich lan lugt la 0.76
duce these results are provided in Table 3. A C' value of 45  (‘kh4&’) va +3%. Cac tham sé cho ra nhiing két qua nay
gives a ¢y value of 0.005 corresponding to a rippled sandy duge liet ke trong Bang 3. Mot gia tri C' bang 45 cho ra
bed (Soulsby, 1997) and can therefore be considered valid gig tri ¢ ¢ biing 0.005 tuong ting véi mot déy bién gon cat
for Narrabeen Beach based on the studies of Short (1984) (Soulsby, 1997) va do vay c6 thé coi rang hgp 1y véi bai
who shows that the bed across the entire nearshore region  hién Narrabeen theo nhiing nghién ctiu ctia Short (1984),
at Narrabeen Beach is extensively rippled during median ngusi da cho thiy ring day bién khdp ving gan bd cia

wave conditions. bai bién Narrabeen déu cé gon cét rong khip trong didu
kién song trung binh.
Storm 2 produces the lowest BSS. However, it can be Tran bao 2 tao ra diém BSS thap nhat. Tuy nhién,

seen from Fig. 5(b) that the measured post-storm profile nhu thay dugc tit Hinh 5(b), mit cit ngang bai sau bao
after storm 2 contains a nearshore bar, which indicates c¢6 mot dai cat gan bo; diéu nay thé hién ring mit cit
that the profile has not been measured at the end of the khong dugce do dac cudi tran bdo ma do & mot trang thai
storm but during an intermediate state of recovery follow- hdi phuc trung gian sau bao. M&t cat sau bao trong tridng
ing the storm event. The post-storm profile in this case hop nay dugc do 14 ngay sau khi bao tan, cho phép ¢6 du
was measured 14 days after the end of the storm event thdi gian hinh thanh dai cat ndy. Néu viéc do mat cit
allowing sufficient time for this bar to form. If the pro- dugc tién hanh sat gan khi bao tan hon thi diém BSS c6
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Bang 3: | Table 3. Calibrated parameters for modelling storm induced erosion. e Céc tham s6 dugc hiéu chinh dé mo
hinh ho4 x6i 16 do béo.

Parameter description Value
Mo ta tham so Gia tri
Limiting Shields parameter - Tham s6 Shields gi6i han (6,,42) 1.0
Chézy coefficient - He s6 Chézy (C) 45
Coeff. permeability - He s6 tham (k) 0.0031 m/s
Wet cell max gradient - Do d6c 16n nhat ctia 6 16t (wetsip) 0.15
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Béang 4: | Table 4. Details of recovery periods used for XBeach calibration. e Chi tiét cdc thai doan phuc hdi cho higu

chinh XBeach.

Recovery Profile dates Hg mean D (days) T
Dot phuc hdéi  Ngay do mat cit (m) (ngay)  (s)
1 25/08/81-23/09/81 1.16 29 9.5
2 95/07/82-16/08/82  1.11 20 95

file measurement was taken closer to the end of the storm
event the BSS may be considerably higher as the beach
would be exhibiting a dissipative state with a wide pla-
nar surf zone as in storm 1. Although it is shown in Table
1 that the post-storm profile for storm 3 was measured
26 days after the event, as the profile is curtailed at ap-
proximately MSL (40.02 m AHD) there is no evidence of
nearshore morphology meaning the BSS is higher. Given
that the average BSS for all storms is 0.76, which results
in a ‘good’ BSS rating and an excellent average volumetric
error of +3%, it can be concluded that the XBeach model
has been effectively calibrated for modelling storm erosion
at Narrabeen Beach.

thé cao hon hén vi bai bién sé thé hién trang thai tieu tan
nang lugng véi mot ving séng vé rong v phing nhu véi
tran bao 1. Dt da cho thiy trong Bang 1 ring miit cit sau
tran bao 3 dugc do dac 26 ngay sau bao, mat cit lai bi cit
di tir vi tri xap xi MNTB (+0.02 m AHD) nén khong c6
chiing cit vé hinh thai viing gan bs ngu ¥ ring diém BSS
cao hon. Véi BSS trung binh clia tit cd cac tran bao 1a
0.76, tuong tng véi danh gia BSS ‘t6t’ vi sai s6 thé tich
trung binh & mitc xuét sic 1a +3%, c6 thé két luan ring
mo hinh XBeach da dugc hiéu chinh mot cach hiéu qua
dé mo hinh ho4 x6i 16 do bao tai bai bién Narrabeen.

5.2 Post-storm recovery modelling | M6 hinh héa phuc héi sau bao

As with the storm erosion calibration, it is essential to
identify extended calm periods between two consecutive
profile measurements, where no storm events had occurred,
for calibration of the model for beach recovery. This led to
two periods being selected from the measured data (Ta-
ble 4). In Callaghan et al. (2008) a recovery time of 400
h is set to determine full recovery. This translates to ap-
proximately 17 days and is slightly higher than the aver-
age actual spacing between events (16 days) determined
from the measured data. The fact that the periods chosen
for calibration have durations (29 and 20 days) greater
than the average spacing and the full recovery threshold
of Callaghan et al. (2008), the transformation towards a
reflective beach state is expected.

Simultaneous analysis of the wave climate during the
calm periods between storms shows that they satisfy the
calm wave criteria with all measured wave heights being
below the 3.0 m threshold. Details of the wave conditions
during the recovery periods (average Hy and Ty), are pro-
vided in Table 4. Similar to storm erosion modelling, all
beach recovery simulations were forced using the JON-
SWAP spectra that represent the measured wave condi-
tions during the periods.

The sediment transport rate (g¢) in XBeach (Eq. (24))
is determined using a representative velocity (ureps); the
sum of the current flow velocity (u”) and an advection ve-
locity (u®) from wave skewness and asymmetry (Eqgs. (25)
and (26)). A strong asymmetric wave motion leads to
an increase in shear stress imparted on the bed (Walstra
et al., 2007). This leads to greater sediment mobilisation,
favouring onshore sediment flux. In addition, high crest
velocities in the onshore direction, attributed to skewed
waves in the shoaling zone, mobilise and transport more
sediment than the wave troughs (directed offshore) fur-
ther increasing net onshore transport of sediment (Grasso
et al., 2011).

qt = Csureps — Dph

C

o
197

Giéng nhu hiéu chinh x6i 16 trong bido, can thiét phai
nhan dién nhing thoi ki lang séng kéo dai gitta gitta hai
lan do méit cit ngang ké tiép, khi khong x4y ra tran bio
nao, dé hieu chinh mo hinh phuc hdi bai. Diéu nay din
dén hai thoi ki duge lya chon tir s6 ligu thyc do (Bang
4). Theo Callaghan & nnk. (2008), mot thoi doan phuc
hoi dai 400 gis duge thiét lap dé xac dinh phuc hoi hoan
toan. Nhu vay quy doéi ra khoang ngay va hai dai hon
khoang thdi gian thyc té trung binh gita nhitng tran bao
(16 ngay) xac dinh tir s6 ligu thyc do. V6i thuyc té ring céc
thoi doan dugce chon dé hiéu chinh (29 va 20 ngay) déu
dai hon khoang céch trung binh v& nguéng phuc hoéi hoan
toan theo Callaghan & nnk. (2008), ta du kién c6 sy bién
d8i vé xu thé trang thai bai bién phan xa.

Viéc phan tich dong thoi ché do séng trong thoi ki lang
gitta cac tran bao cho thiy réng thoi doan nay théa man
tieu chi lang séng véi tat ca séng thuc do déu thip hon
ngudng 3.0 m. Nhitng chi tiét ctia diéu kién séng trong cac
thai ki phuc hoéi (trung binh H, va Ty), duge cho trong
Bang 4. Giéng nhung mo hinh héa x6i 16 trong béo, tat ca
nhing mé phéng hdi phuc bai déu duge tac dong bdi phd
song JONSWAP voén biéu thi diéu kieén séng do dic trong
nhitng thai ki nay.

Suat van chuyén biin cat (g;) trong XBeach (PT (24))
dugc xac dinh bing mot van toc dai dien (uyeps); tong clia
van téc dong chay (u”) va mot van téc chuyén tai (u?) do
do lech va bat déi xiing ciia séng (cac PT (25) va (26)).
Mot chuyén dong séng bat déi xing manh mé din dén
sy tang tng suat tiép tac dung len day (Walstra & nnk.,
2007). Diéu nay dan dén sy co dong 16n hon ctia bun cat,
uu &i cho dong bun cat huéng vé bd. Ngoai ra, nhitng van
tdc 16n & dinh séng huéng vé bd, do nhiing con séng léch
trong ving nuéng nong, sé lam co dong va van chuyén
nhidu biin cat hon 1a chan séng (huéng ra khoi), lam tang
thém lugng van chuyén biin cat tinh vé phia ba (Grasso
& nnk., 2011).

d
— 1.6C,Umagu —

= (24)



Béng 5: | Table 5. Tidal variations for Sydney region. e Mitc do bién déi thity tridu tai Sydney.

Tide Low level (m)  High level (m)
Triéu Muc nuée thdp  Mue nude cao
Trung binh 0.484 0.524
Triéu cuong 0.607 0.647
Cao 0.856 0.995

where C; is the sediment concentration, uyeps is the
Eulerian transport velocity, Dy, is the sediment diffusion
coefficient, h is the water depth and v;q4. is the La-
grangian transport velocity

E
Upeps = U~ +u’

u® = (facSk x Sk

The factors applied to skewness (facSk) and asymme-
try (facAs) determine the magnitude and direction of net
sediment transport. The values selected for these factors
therefore determine the predominant sediment transport
direction. The permeability of the beach also plays a sig-
nificant role in berm formation during the accretion phase
(Jensen et al., 2009). For this reason, the groundwater flow
module was activated for all post-storm recovery simula-
tions with the permeability of the beach taken from the
storm erosion tests (0.0031 m/s).

In order to calibrate XBeach for post-storm recovery
conditions at Narrabeen Beach, a set of sensitivity tests on
facAs and facSk was carried out to determine suitable
values.

To accurately replicate the upper beach berm forma-
tion during the recovery conditions it is important to con-
sider the tidal variation at Narrabeen Beach. The tidal
variation controls the maximum level of wave run up and
thus the maximum level to which sediment can be trans-
ported onshore. Manly Hydraulics Laboratory (MHL) pro-
vided data of tidal variation for the Sydney region. These
were averaged over 19 years (1990 to 2010) and are pro-
vided in Table 5. The sensitivity testing was carried out
using simplified semidiurnal mean, spring and high tidal
cycles. The high tidal cycle corresponds to a variation be-
tween High Spring Water Solstice and Indian Low Water
Springs.

Unlike in storm conditions, it is less likely that sheet
flow conditions will occur due to the smaller incident wave
heights. For this reason the 6,,,, criterion was not imple-
mented in the recovery simulations.

To make the recovery simulations, and the overall SPA
methodology computationally feasible a morphological ac-

trong dé Cs la ham lugng bun cat, tyeps 1& van téc van
chuyén Euler, Dy, 1a hé s6 khuéch tan biin cat, h 1 do sau
nuéc cON Vpagy 12 van toc van chuyén Lagrang

(25)

facAs X As)urms (26)

Nhiing hé s6 ap dung cho do lech (facSk) va bat doi
xitng (facAs) sé xac dinh do 16n v huéng clia van chuyén
biin cat tinh. Nhitng gfa tri chon cho cdc nhan t6 trén sé
quyét dinh huéng van chuyén cat thinh hanh. Do tham
ciia bai bién ciing déng vai trdo quan trong dé hinh thanh
thém bai trong qua trinh boi tu (Jensen & nnk., 2009).
Do vay, mo-dun dong chady ngam dudc kich hoat & moi mo
phéng phuc hoi sau bao véi do tham bai bién duge lay tit
céc thi nghiem x6i 16 bao (0.0031 m/s).

D& higu chinh XBeach cho céc diéu kién phuc hoi sau
bio tai bai Narrabeen, mot tap hgp cac kiém nghiem vé
do6 nhay ctia facAs vh facSk duge tién hanh dé xac dinh
nhing gia tri phu hgp.

Dé tai hien chinh xac sy thanh tao thém bai trén trong
diéu kién phuc hoi, didu quan trong 1 phai xét dén sy bién
d8i muc nude tridu tai bai bién Narrabeen. Sy bién thien
muc nude tricu quy dinh chiéu cao séng leo cyc dai va do
d6 quy dinh cao trinh t6i da ma tram tich c6 thé dugc
van chuyén vé phia bd. Phong thi nghiém thiy luc Manly
(MHL) d& cung cap s6 liu bién ddi thily triéu cho ving
Sydney. S6 liéu nay duge trung binh héa qua 19 nadm (tir
1990 dén 2010) v dudc cung cAp trong Bang 5. Phép thit
do nhay ciing dudc tién hanh c6 dung dén cac chu ki triéu
ban nhat duge gidn hoéa, ki trieu cudng va nude cao. Ki
triéu nuéc cao thi tuong tng véi sy bién déi gitta dinh
nudc cao tricu cudng va nude thap tridu cudng.

Khéc vé6i diéu kién bao, sé it kha nang 13 dong ria troi
sé x4y ra do séng t6i thap hon. Vi vay tiéu chi 0,4, khong
dudc ap dung trong nhitng mo phéng phuc hdi.

Dé lam céac mo phoéng phuc hodi, va dé phuong phap
SPA chung kha di vé tinh toan, gia tri hé s6 thiic day hinh
thai (morfac) (Ranasinghe & nnk., 2011b; Roelvink, 2006;

celeration factor (morfac) (Ranasinghe et al., 2011b; RoelviniSplinter & nnk., 2011; Vousdoukas & nnk., 2012) bing 10

2006; Splinter et al., 2011; Vousdoukas et al., 2012) of ten
was used for all recovery simulations.

The sensitivity testing was carried out systematically
with the model setup producing the highest BSS without
tidal variation and then, with tidal variation determined.
As earlier, BSS and volumetric errors between measured
and simulated profiles were used to assess model perfor-
mance. Table 6 shows results from the sensitivity tests
and Table 7 provides the parameter setup. Fig. 6 com-
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duge ding cho moi mé phdéng phuc hai.

Khau kiém tra do nhay dudc tién hanh mot cach co
hé théng véi cach thiét lap mo hinh cho ra diém BSS cao
nhit ma khong c6 bién déi thiy tridu, va tiép theo la véi
thity triéu bién déi duge xac dinh. Ciing nhu trude day,
diém BSS va sai s6 thé tich gitta cac miit cit thuc do va
tinh toan dugc dung dé danh gia hiéu niang ctia mo hinh.
Bang 6 cho thay két qia tit viec kiém tra do nhay con
Bang 7 liet ké cac thiét lap thong sé. Hinh 6 so sanh cac



Béng 6: | Table 6. Results for XBeach calibration of recovery periods. e Két qiia hi¢u chinh XBeach cho céc thai doan

phuc hdi.

Tide
Triéu

Recovery
Lan phuc hoi

Cao

DN DN ===

Cao

Trung binh
Tridu cudng

Trung binh
Tridu cudng

BSS Vol. Err.
Sai s6 thé tich
0.84 2%
0.86 2%
0.89 2%
0.63 6%
0.65 6%
0.61 6%

Bang 7: | Table 7. Calibrated parameters for modelling post-storm recovery for individual events and over the annual
period. e Céc tham s6 dugc hiéu chinh dé mo hinh héa phuc hoi sau bao cho ting tran va cho thoi doan nam.

Parameter description

Event value Annual value

Mo t& tham s6 G.tri theo tran G.tri ndm
Limiting Shields parameter | Tham s6 Shields gidi han (6,,4:) — —
Factor on skewness | He s6 lech (facSk) 0.1 0.1
Factor on asymmetry | Hé s6 bat d6i xing (facAs) 1.0 0.8
Coeff. permeability | He s6 tham (k) 0.0031 m/s 0.0031 m/s
Tidal variation | Bién ddi triéu Yes | Co6 Yes | C6
Accel. factor | He sb thic day (morfac) 10 10

pares measured recovery profiles with simulated profiles,
for both recovery periods. From these results it can be seen
that there is little difference in the average BSS volumetric
errors for each tidal range. All tidal variations give ‘good’
average BSS (0.74, 0.76 and 0.75) and volumetric errors
(4%).

The results provided in Table 6 are very encouraging
and show that, by accounting for the processes that gov-
ern accretion, XBeach can be calibrated to produce ‘good’
predictions of post-storm beach accretion.

mét cit phuc hdi do dudc véi cdc mit cit moé phéng, cho
c4 hai thoi doan phuc hoi. T két qla nay, cé thé thay
rang rat it khac biet vé diém BSS giita cac do 16n triéu
khéc nhau. Tat ci bién dbi thiy triéu déu cho diém BSS
trung binh loai ‘kha’ (0.74, 0.76 v& 0.75) ciing sai s6 thé
tich (4%).

Két qua cho trén Bang 6 rat an tugng va cho thay
ring, bang cach tinh dén nhitg qua trinh chi phéi boi tu,
XBeach c6 thé duge hieu chinh dé tao nén két qua duy doan
‘chudn’ vé hien tugng boi tu bai sau bao.

5.3 Simulation of annual beach change | M6 phéng bién doi bai hing nam

In order to assess the validity of combining the XBeach
storm erosion and post-storm recovery model setups, beach
profile change that occurred from 25/08/81 and 16,/08/82
(ca. one year) at Narrabeen Beach was simulated and com-
pared with measured data (Fig. 7). Between the first and
last profile measurements during this period, 19 storm
events were recorded. All beach recovery simulations were
implemented using a spring tidal variation.

To assess the accuracy of the procedure in predicting
the annual time series, the relative mean absolute errors
(RMAE) in the subaerial beach volume, the position of
the 0 m and 2 m beach contours and the profile envelopes
were determined. The position of the beach contours is ref-
erenced seaward from the top of the dune (+ 10 m AHD).
The RMAE calculations were carried out in line with van
Rijn et al. (2003) and changed into percentages for analy-
sis (Eq. (27)). The results are given in Table 7, Figs. 8(a),
9(a) and 10(a).

RMAE — (%2 =Zml) 0000
<xm>

These results show that the combined model repro-

Dé danh gia do hop 1é ciia viec két hgp thiét lap mo hinh
tinh x6i 16 trong bao va phuc hdi sau bao bing XBeach,
tac gid mo phong bién déi mat cat bai tir 25/08/81 dén
16/08/82 (titc 1 nam) cho bai bién Narrabeen 16i so sanh
v6i 86 lieu do dac (Hinh 7). Trong giai doan nay gitta hai
mit cit dau tien va cudi cting do dudc, ¢6 19 con bao duge
ghi nhan. TAt c4 md phong phuc hdi bai déu duge thuec
hién v6i muc nude tridu cuong.

Dé danh gia do chinh xac clia quy trinh tinh du doan
chudi thai gian 1 nam, cic sai sd tuyét déi trung binh ti ddi
(RMAE) vé thé tich bai dudi nudc, cac vi tri clia dudng
dong mitc 0 m vd 2 m, ciing nhu cic dudng bao méit cit
dugce xac dinh. Vi tri ctia duong dong mitc bai dude tham
chiéu tit dinh cdn cat (+ 10 m AHD) hudng ra bién. Phép
tinh sai s6 RMAE dugc tinh theo van Rijn et al. (2003)
va quy do6i vé phan tram dé phan tich (PT (27)). Két qua
dugc cho trén Béang 7, cac Hinh 8(a), 9(a) va 10(a).

(27)

Céc két qua nay cho thidy mo hinh két hop da tai hién
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Hinh 6: | Fig. 6. Comparison of measured and
simulated beach profiles of post-storm recovery.
e So sanh cac mit cit bai bién mo phéng va do
dac cho giai doan hoi phuc sau béo.

Hinh 7: | Fig. 7. Wave measurements and storm
events from 25/08/81 to 16/08/82. e S6 lieu
do séng va nhitng tran bdo tu 25/08/81 dén
16/08/82.

Hinh 8: | Fig. 8. Comparison of simulated and measured
beach volumes from 25/08/81 to 16/08/82. Individual
event calibration (a) and annual series calibration (b). e
So séanh cic thé tich bai md phéng va do dac tit 25/08/81
dén 16/08/82. Hieu chinh ting tran béo (a) va hiéu chinh
chudi thoi gian nam (b).
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Hinh 9: | Fig. 9. Comparison of simulated and mea-
sured contour positions from 25/08/81 to 16/08/82.
Individual event calibration (a) and annual series cal-
ibration (b). @ So sdnh cac vi tri dudng dong mitc mo
phoéng va do dac tir 25/08/81 dén 16/08/82. Hiéu chinh
ting tran bdo (a) va hiéu chinh chudi thoi gian nam (b).

Hinh 10: | Fig. 10. Comparison of beach pro-
file envelopes from 25/08/81 to 16/08/82. In-
dividual event calibration (a) and annual series
calibrations (b). e So sanh cdc dudng bao mit
cat bai mo phong va do dac tit 25/08/81 dén
16/08/82. Higu chinh timg tran bao (a) va hiéu
chinh chudi thoi gian nam (b).



duces the volumetric beach change and position of the
0 m and 2 m contours with RMAE of 7%, 13% and 13%
respectively. The maximum, minimum and mean profile
errors are 5%, 11% and 9% respectively.

The difference between simulated and measured an-
nual profile change may be partly attributed to the sim-
plified approach of using a predefined storm threshold and
switching between erosion and accretion mechanisms ac-
cording to this threshold. This does not allow for the bar
dynamics and intermediate beach states, associated with
the gradual recovery of the beach, to be captured. This
may potentially imply the overestimation of beach volume
and the position of the 0 m and 2 m contours evident in
Figs. 8(a) and 9(a). However, as the aim of this paper is
to demonstrate the first attempt of using a process model
for medium term beach change, we adopted this simple
approach.

Although a reasonable degree of success is achieved
from combining model setups separately calibrated for in-
dividual erosion and recovery events, an additional recov-
ery model setup was calibrated using the entire annual
time series, to provide a comparison. This procedure will
allow for a better representation of the predominant beach
state, rather than focusing on a reflective state during the
calm periods between storm events.

Calibration was conducted on the same parameters
(facSk and facAs) to determine which combination pro-
duced the best representation of the overall annual vari-
ability. The results are provided alongside the individual
event calibrations in Table 7, Figs. 8(b), 9(b) and 10(b).

These results show that, when calibrating the recovery
model over an annual time period, the RMAE of the vol-
umetric change and position of the 0 m and 2 m contours
reduced to 4%, 9% and 13% respectively. Additionally, the
maximum, minimum and mean profile errors change to
4%, 13% and 5% respectively. It is evident, that although
the majority of the RMAESs reduce, there is an increase in
the error associated with the minimum profile envelope.
This increase is due to a greater level of recession now
occurring. This highlights the concern raised previously
that not including the reflective state in the recovery sim-
ulations will limit the accretion and result in continual
recession during longer simulations.

5.4 Medium term erosion modelling | Mo

The verification of XBeach for single event and annual
timescales justifies its use within the longer term SPA
methodology. To demonstrate the SPA, beach variability
from a random 10 year synthetic storm climate, derived
from the FTS, was simulated and the results compared
with measured data. The initial beach profile for model
simulation was taken as the average profile determined
from the beach profile surveys.

As Narrabeen Beach is subjected to a multidirectional
wave climate, the inclusion of wave direction within a
longer term simulation is important. Callaghan et al. (2008)
showed that there is no correlation between H pnaxand
wave direction (6), meaning that  can be assigned to the
synthetic storms from empirical data. Therefore, to pro-
vide a more complete realisation of the Narrabeen storm

dugc su thay déi thé tich bai bién va vi trf cac dudng dong
mtc 0 m and 2 m v6i RMAE lan lugt bing 7%, 13% and
13%. Céac sai sd mit cit cyc dai, cyc tiéu va trung binh
lan lugt 1& 5%, 11% and 9%.

Sy khac biét gitta thay d6i mit cit bai mo phong va do
dac hing nim c6 thé mot phan phu thuodc vio cach tiép
can gian hoa la dung mot ngudng bao dinh truée va luan
chuyén gitta cac co ché x6i 13 va boi tu cin cit theo ngudng
nay. Nhu vay khong cho phép nim bt duge dong lyc dai
cat ngam va cac trang thai bai bién trung gian, gan véi su
hoi phuc dan cta bai bién. Pong thdi, ciing ngu ¥ du tinh
thien 16n thé tich bai bién vi vi tri cdc dudng dong mic
0 m va 2 m thay r6 trén cac Hinh 8(a) va 9(a). Tuy vay,
do muc tiéu cia bai bao 1a minh hoa ¢ ging buéc dau
vé sit dung mot moé hinh qua trinh cho bién déi bai bién
trung han nén ta chip nhan cach tiép can don gidn nay.

Du da dat duge thanh cong & mitc do nhat dinh véi
viéc mo hinh két hgp da thiét lap dugce hicu chinh riéng ré
cho cac sy kién x6i va phuc hoi, nhung mot thiét lap mo
hinh bé sung khac da dugce hieu chinh cho toan bo chudi
thoi gian nam, dé phuc vu so sanh. Quy trinh nay sé cho
phép thé hien r6 hon trang thai bai bién chinh, thay vi
tap trung vao mot trang thai phan xa trong nhiing ki bién
lang gitta cac tran bao.

Viéc hieu chinh dudc tién hanh véi cling cac tham s6
(facSk va facAs) nhim xac dinh td hop nao cho ra biéu
dién t6t nhat ctia bién dong nam tong thé. Cac két qua
dugce trinh bay bén canh nhing hiéu chinh sy kién riéng
ré trén Bang 7, cac Hinh 8(b), 9(b) va 10(b).

Cac két qua cho thiy ring, khi hiéu chinh mo hinh
phuc héi véi thai doan nam, RMAE cta bién déi thé tich
cling vi tri cac dudng dong mtc 0 m v 2 m gidm di lan
lugt 4%, 9% va 13%. Thém nita, cAc sai sO mat cit 16n
nhéat, nhé nhat v trung binh lan lugt thay déi 4%, 13%
va 5%. 16 rang, dut da s6 cac RMAE déu giam, nhung c6
si ting sai s6 gan véi duong bai mat cit toi thidu. Sy ting
nay 1la do mtc do thoai lui 16n hon dang xay ra. Tu do
nhan manh diéu quan tam néu trén: viéc khong bao gdm
trang thai phan xa trong nhing mo phéng phuc hoi bai
sé lam gidi han sy bdi tu va din dén sy thoai lui lién tuc
trong nhitng phdéng dai hon.

hinh héa x6i 16 trung han

Viéc kiém dinh XBeach cho cic quy mé thdi gian su kien
va nadm da minh chiing cong dung ctia né trong phuong
phap SPA cho thoi ki dai hon. Dé minh hoa cho SPA, tac
gid da mo6 phéng miic do bién dong bai cho 10 nam ché do
song bao tong hgp (rit ra tit FTS) va két qua so sanh véi
s6 lieu thuc do. Mt cit bai ban dau dé mo phéng duge
lay 13 mit cit trung binh xac dinh tit cac dot khao sat
mat cat.

Vi bai bién Narrabeen chiu ché do séng da hudng, viec
bao gdm huéng séng trong mo phéng dai han 13 rat quan
trong. Callaghan & nnk. (2008) da cho thay ring khong c6
mdi tuong quan nao gita H maxva hudng song (0), nghia
1a 0 c¢6 thé duge 4n dinh cho céc tran bio téng hop tu
s6 lieu thyc nghiem. Béi vay, dé cung cAp mot bitc tranh
hoan thién hon cho ché do bao Narrabeen, mdi tran bao
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climate, each random event was assigned an empirical di-
rection from storm events recorded between 1992 and 2009
by Manly Hydraulics Laboratory.

From the rule of thumb approach of Hawkes (2000),
a 10 year simulation should produce an accurate 1 year
erosion return level. In an attempt to quantify this, the
erosion return levels from the SPA were determined and
compared to those from the measured data. The erosion
return levels from the measured profile data were deter-
mined using the four methods described by Callaghan et
al. (2008), i.e. (a) Block averaging procedure; (b) Con-
secutive volumes with no correction; (c¢) Consecutive vol-
umes corrected for the number of storms; and (d) Consec-
utive volumes corrected for the number of effective storms.
In line with the studies of Hoffman and Hibbert (1987);
Callaghan et al. (2008) and Ranasinghe et al. (2011a),
beach erosion volume above 2 m contour is used for com-
parison.

Fig. 11 compares return levels of measured and SPA
simulated beach erosion. It should be noted that the di-
vergence of the simulated erosion after the 1-2 year return
period is a result of only 10 years of simulations being used
to determine the return levels.

From Fig. 11 it is clear that, when using the event cal-
ibrated recovery model, beach erosion is consistently over-
estimated. The annually calibrated recovery model gives
better results due to its ability to develop an intertidal
berm. Harley et al. (2009) showed that the erosive impact
of storm events at Narrabeen Beach partially depends on
the state of the beach during the precedent calm period.
When a reflective state occurs prior to storm events, ero-
sion was shown to be greater as there is a larger volume of
sediment available for erosion from the beach; and there
is no nearshore bar system to dissipate incoming wave
energy. Calibrating the recovery model over an annual
time series results in less accretion during calm periods
and therefore provides less erodible sediment for the sub-
sequent storm event, explaining the reduction in erosion
volumes evident in Fig. 11.

Even though the annually calibrated model gives bet-
ter results, the model is still unable to reproduce the full
range of states, due to the simple mechanism used in the
approach to switch between erosive to accretive conditions.
Recently, this issue was tackled by Davidson et al. (2013)
who employ a disequilibrium technique to define periods
of erosion and accretion. The basis of this approach uses
a time varying dimensionless fall velocity (Gourlay, 1968;
Wright et al., 1985) to distinguish between erosion and
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Hinh 11: | Fig. 11. Measured and SPA simulated subaerial
beach erosion return levels. e Xéi 16 bai bién phan dudi
nuée, do dac va tinh toan, ting v6i nhimg chu ki lap lai.

ngau nhién duge gan cho mot huéng thiyc nghiém tir céc
tran bao thuyc do tu 1992 dén 2009 bdi Phong thuy luc
Manly.

Tu phuong phap quy téc so bo ctia Hawkes (2000), mot
mo6 phéng 10 nam sé tao ra miic x6i 16 lap lai 1 nam. Dé
cb gang luong hoa didu nay, cdc mitc 1ip lai x6i 16 tit SPA
duge xac dinh vi so sanh véi s lieu thuc do tuong tng.
Céac muc x6i 16 1ap lai titr mat cit bai bién thuc do dugce xac
dinh theo bén phuong phap moé ta bdi Callaghan & nnk.
(2008): (a) quy trinh binh quan hod theo khdi; (b) céc
thé tich lien tiép khong can diéu chinh; (c) cac thé tich
lien tiép didu chinh béi sé tran bao; va (d) cac thé tich
lién tiép diéu chinh bdi s6 tran bao hiéu qua. Theo huéng
nghién cttu ctia Hoffman va Hibbert (1987); Callaghan &
nnk. (2008) va Ranasinghe & nnk. (2011a), thé tich x6i 16
bai phia trén dudng déng mic 2 m duge diing dé so sanh.

Hinh 11 so sanh céc chu ki Lip lai gitta bai bién x6i
thye do vd mo phéng theo SPA. Luu ¥ riang sy phan ki
clia s1t x6i 16 mo6 phoéng sau chu ki lap lai 1-2 nam 13 két
qué ctia chi 10 nAm mo6 phéng duge dimg dé xac dinh cac
muc nude lap lai.

Tit Hinh 11, c6 thé thay roé ring, khi diing moé hinh
phuc hoi da higu chinh theo sy kién thi x6i 1& bai luén thien
16n. M6 hinh phuc hdi duge higéu chinh hang nam cho két
qua t6t hon do kha ning ctia né trong viéc phat trién mot
thém bai lien triéu. Harley & nnk. (2009) cho thay ring
tac dong x6i ctia nhitng con bao tai bai bién Narrabeen
mot phan phy thudce vao trang thai bai bién trong thoi ki
laing song trude day. Khi mot trang thai phan xa xay ra
trudc cac tran bao, x6i 16 t6 ra manh hon vi ¢6 thé tich
c4t trén bai 16n hon dé x6i di; va khong c6 hé théng dai
céc gan bd dé lam tiéu tan ning luong séng téi. Viec hieu
chinh mé hinh phuc hdi theo chudi thdi gian mot nim dan
dén két qua it bodi tu trong thai ki séng lang va do d6 ciing
it bun cat c6 thé bi x6i trong tran biao ké tiép; didu nay
giai thich sy gidm stt thé tich x6i 16 thé hien trén Hinh 11.

Mac dit mé hinh da kiém dinh hing nam cho két qua
t6t hon, nhung moé hinh vAn chua thé tai hien duge toan
bo mién cac trang théi, do co ché don gidn st dung trong
cach tiép can dé chuyén giita nhitng dic¢u kién x6i va boi.
Gan day, van dé nay dudc giai quyét béi Davidson & nnk.
(2013); nhém da dung mot ki thuat pha vé can bing dé
xac dinh cac thai ki x6i 16 va bdi tu. Nén tang clia cach
lam nay st dung mot van téc lang chim phi thi nguyén
thay déi theo thoi gian (Gourlay, 1968; Wright & nnk.,
1985) dé phan tach x6i 16 va boi tu tuy thuoc vao tuong



accretion depending on its relationship to the equilibrium
state. Inclusion of this within their simplified model yielded
a good estimation of the variability in the shoreline posi-
tion at Narrabeen Beach over a six year period.

quan clia n6é véi trang thai can bing. Viéc bao gom yéu t6
nay trong mo hinh don gian ctia ho da cho mdt u6e tinh
phit hop vé bién déi vi tri duong bo tai bai bién Narrabeen
trong thoi doan dai 6 nam.

6 Conclusions and recommendatinos | Két luan va khuyén nghi

This paper has presented the first attempt at establishing
a methodology to allow the simulation of medium term
beach change using a fully process based model.

The methodology presented here expands on those of
Callaghan et al. (2008) and Ranasinghe et al. (2011a) by
replacing the empirical structural functions, used by them,
with a fully process based model. The SPA allows for
the determination of antecedent beach profiles providing a
more detailed continuous simulation of beach variability.

The calibration and validation of the coastal morpho-
dynamic model XBeach at Narrabeen Beach presented
here, show the ability of the model to simulate beach re-
covery under calm conditions as well as storm induced
beach erosion. Although Jamal et al. (2010) investigated
the accretion of gravel beaches using their XBeach variant,
their work is limited to a wave timescale only. The recov-
ery simulations discussed in this paper therefore provide
the first attempt at modelling sandy beach accretion at a
timescale of days to weeks. The success achieved here is,
therefore, not only useful in terms of developing the SPA,
but also for longer term coastal morphodynamic simula-
tions using process based models.

The combination of calibrated model setups, presented
in Section 5, demonstrates the ability of XBeach to repro-
duce the behaviour of Narrabeen Beach at an annual time
scale, with a reasonable degree of accuracy. However, the
simplified storm threshold approach used to switch be-
tween storm erosion and post-storm recovery restricts the
development of the intermediate state found at Narrabeen
Beach. Better results were achieved by the calibration of
the recovery model over the annual storm data rather than
individual periods.

The use of the SPA methodology with the annually
calibrated recovery model, to simulate a 10 year storm cli-
mate, was shown to produce erosion volume estimations
comparable to those measured at Narrabeen Beach. The
event calibrated model consistently overestimated erosion
volumes. This highlights the major limitation of the SPA
being the inability to simulate the full range of beach
states. Even though calibrating the recovery model over an
annual time series partially overcomes this limitation, this
approach is still unable to reproduce the full range of beach
states and rather, provides a compromise between interme-
diate and reflective states. The implementation of a more
detailed mechanism to account for the gradual transition
from erosive to accretive conditions, such as that of David-
son et al. (2013), will allow the development of intermedi-
ate beach states and significantly improve the credibility
of the approach.

Although the SPA approach presented here is not with-
out limitations, it does provide a valuable first step to-
wards modelling beach change at medium term time scales

Bai bao nay da trinh bay ndé luc bude dau nham thiét lap
mot phuong phap luan cho phép moé phéng bién déi bai
trung han bing mdt mo hinh hoan toan dua quéa trinh.

Phuong phéap trinh bay ¢ day da md rong phuong
phép ctia Callaghan & nnk. (2008) va Ranasinghe & nnk.
(2011a), bang cach thay thé cac cau tric thue nghiem duge
dung truée d6, béi mot moé hinh hoan toan dya vao qua
trinh. Phuong phap SPA cho phép xac dinh cic mit cit
bai bién trudc dé mién 1a thuc hién mo phéng lien tuc chi
tiét hon vé bién doi bai bién.

Khau hiéu chinh va kiém dinh mé hinh dong lic hinh
thai bo bién XBeach cho bai bién Narrabeen dugc trinh
bay cho thay kha ning ctia md hinh m6 phéng sy hdi phuc
clia bai trong diéu kien bién lang ciing nhu su x6i 16 bai
bién do bao. Dt Jamal & nnk. (2010) da nghién ctu su
boi tu bai bién cuoi s6i bang mot phien ban XBeach riéng,
nhung nghién citu ctia ho chi giéi han trong c¢d thai gian
con séng. Do vay, cac md phéng sy hdi phuc dude théo
luan trong bai bao nay da cho sy né luc bude dau vé mo
hinh ho4 su boi tu bai bién cét trong c& thoi gian tit ngay
dén tuan. Tu d6, thanh coéng dat duge khong chi & viec
phét trién SPA, ma con 6 mo phéng dong luc hinh thai
bd bién theo thdi gian dai hon bing céc mo hinh dua theo
qué trinh.

T6 hop ctia cac thiét 1ap mo hinh hiéu chinh, nhu trinh
bay & Muc 5, da cho thiy ning lyc ciia XBeach trong viéc
tai lap tng xii clia bai bién Narrabeen & quy mo thsi gian
hing nam, v6i do chinh xac hgp ly. Tuy nhién, phuong
phap ngudng bio don gidn duge dimng dé chuyén tiép giita
x6i 16 trong bao va phuc hdi sau bao lai han ché su phat
trién clia trang thai trung gian da dugc phat hien & bai
bién Narrabeen. Nhitng két qua tot hon dat duge bang
cach kiém dinh mo hinh hdi phuc véi s6 lieu bao hing
nam thay vi nhing thoi ki riéng 18.

Viéc ding phuong phap SPA véi mé hinh phuc hoi
duge hiéu chinh hing nam, dé mo phéng ché do bao 10
nam, da cho thiy tao ra két qua udc tinh thé tich x6i tuong
duong véi s6 lieu do dac & bai bién Narrabeen. Mo hinh
dugc kiém dinh theo tran bio luon cho két qui thé tich
x6i thién 16n. Didu nay cho thiy ré han ché co ban clia
SPA, do6 la khong thé mo phéng toan bo loat trang thai
bai bién. Mic dit viec hiéu chinh mé hinh phuc hoi trong
thoi gian hing nam da phan ndo khic phuc dude han ché
nay, nhung phuong phap van chua thé tai lap duge day di
loat trang thai bai bién ma méi chi ¢6 su thod hiep gitta
cic trang thai trung gian va phan xa. Sy thiét lap mot co
ché chi tiét hon dé tinh dén sy chuyeén tiép dan tit didu
kien x6i sang boi, nhu ciia Davidson & nnk. (2013), sé cho
phép phat trién cac trjang théai bai bién trung gian va cai
thien dang ké do tin cay clia phuong phép.

Mic du phuong phap SPA dé cap & day khong phai &
khong c6 han ché, nhung né cung cap mot bude dau rat

using process based models. The methodology demonstrates gi4 tri dé huéng vé mo hinh hoé bién déi bai bién trong cd
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the flexibility of XBeach for continuous simulations of beach thdi gian trung han bing nhitng moé hinh theo qué trinh.

change at annual time scales; and estimations of medium
term erosion return levels using the SPA approach.

With some further studies to mitigate the limitations
highlighted above, this type of modelling framework may
become a very valuable decision making tool in future
coastal management projects.
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