Yransaciony of e Kl Soviers of' S, st 0995 W93, 123152

THE MOST VIGOROUS SOLTH AUSTRALIAN TIDE

by C. SCHILUTER®. J. A. T, ByrT, & P. HARBISONT

Summary

Senlutek, CByr 0 AL T, & Harsison, P (19951 The most vigorons South Ausgralian ide, Trams, R Soc

8 Awsn U93), 1234032, 30 Noveriber, 1945,

Harmomic amilysis of aua) records for ihe region belween the oty of Port Augusiy anul Yorkey Crossing in
the apper Spencer Gulf indicaies that e most vigorous South Austrthan nide probably oceurs just narth of the
Whyalli Ruilway brdge and has a maxitoun range of about 4.0 orc st shord of being Classified as macrotidal,
The special property of Saulh Australian ndes. thisl the sem-diursal constimcents iM5 and S4) have abourt equal
ainphitudes, results i very interesing shullow walcr Vdal mteructions. in particulsr the generation vl 4 large amplitade
yuarter-diurnal conpstlucat {MS,), The interbdal environment of mangrove forests and especially the samphire
flars of the upper Spencer Gulf is-shawn w be finety tuned o this shallow wiger (ide.

ke y Wopis: lides, Spencer Gull

Introdurction

The tides of South Ausiralia have altracted nterest
for aver 100 years (Chapman 1892 Easton 1970),
However there appeurs 10 be no accaunt of the region
m which the largest tide oecurs. This region is of
interest W tdal theory because both Gull St Vincent
and Spencer Gull have large semi-diurnal fides at their
heads and also hecause the major lunar (M) and
solar (S.) constituents are of similar magoitude. The
diurnal tide progresses from west o east along (he
Southern Shell us o Kelvin wave which enters the South
Auistralian sea where its amiplitude and phiase increasc
regulatly and gradually towards the head of the gults,
The semi-diurmil tide. on the other hand. displays o
uch moje energetic response.

Tidal characteristics in Gulf St Vincent
and Spencer Gulf

An almost progressive wave enters, Invesugator Strait
and becomes converted into o standing oseillaton
within Gull St Vincenl (Bye 19761, Bowers & Lennon
(1940) 1nvestigated the tidal character using the clagsical
madel (Bowden 19%83) in which an inconung wive 1
reflected af the head of the gult in the presence of a
frictional force linearly proportianal (o the tidal curreni
velocity,  Particular auvention. was  given o the
importance of Backstars Passage in this process. The
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system can be best described as o quarter-wave
resonance of lhe open seu tide.

In Spencer Galf the tndal resonance is more complex
and lies closer to o three-guarnter resonunce in which
a tidal node occurs between the head and the mouth
of the gull This behavipur results in a minimum semi-
diurnal tdal amplitude near Wallaroo, beyond which
there is 4 rapid increase 0 amplitude owards (he head
of the pulf. Easton (1978) has given an elegani
muthematical demonstration of this resonanee which
alsor uses a fretional term linearly proportional o the
adal curvent veloeity, Numencal models of the tides
of Spencer Gulf have been developed hy Noye ef al.
(198i) and Bills and Noye (1986), including fine
resolution models of tidul eddies in upper Spencer Gult
(Noye 1984: Nove e al,, 1994),

In both gulfs mangrove forest und samphire flats are
extensive, especially near Port Wakefield, Por
Adelaide! (Schluter 1993), Franklin Harbour and Port
Augustis. The tides are of great ecological sigmificance
10 these arcas, The most vigorous tidal system in South
Australia occurs between Port Augusta and Yorkey
Crossing in upper Spencer Gull™ This distinetive region
has the character of a brine estuary (Bye & Harbison
1990

The action of tidal cureents s responsible for internal
mixing of the water column, Stabilising forces, such
as surfuce heating and horizontal salinity gradients,
tend 10 result in a stratified water column, the lower
stratum being denser than the upper. The dynamics
of the mixing process have been exiensively studied,
inilially in temperature stratified environments such
as the shallow European scas (Simpson & Bowers
1981). and more recently in the sulinity stratified
environment of the South Australian sea (Samarasinghe
1989). Stratification occurs when the rubio of the
horizonal density grudient inultiplied by the depth and
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divided by the density and the root mean square of the
slope Ol the water surtiice doe a the bdg exceeds 2
critical value (Bye 1990),

In upper Spencer Gull (he tidal currents maintn
a vertically well mixed water column whereas in mid
Spencer Gull 4 very detailed gnd  extensive
observanional programme has shiown (hat transient
stratificayon veeury (Nunes & Lennan 1987) At the
mouth of Spencer Gulf the horizoneal densiry gradient
maintans a siranled exchange for about nine months
of the year (Bye & Whitehead 1975; Lennon ef al.
19871 Tn the summer months, however, (te horisontal
densy gradient is reduced due 1o the reversal of sign
in the temperature gradieot and vertical mixing cin
also occur. These  conswderations  highlight  the
sigmlicance of the hdal regime in the disperston ol
dissalved materal introduced mnto the warer column
i the coastal provinces of apper Spencer Gulf,
especially in the brine cstoary,

The Site

Previously, measuiements of the tde m Spencer Gulfl
extended only ax ki north as Port Augusts. Reeent tidal
measurements (Bye & Harbison 1987, 1991, 1994) north
of Port Augustd (Fig. 1), indicateé that a very vigorous
Odal regime exists. The site ol the investigations wis
an old wooden bridge on which an abandoned mineral
ralway [0 a salt works crossed iwver Spencer Guli'. On
the castern share of the gult the salt bridge was
originally connected with an embankment which cuts
through the mangrove lorest and into the samphire flars.
The maximum span heightof 4.4 m s just gresier than
high water springs, and aclow water springs, the water
iy cortfined 1o a few central spans where the max i
depth is about 30 em (Fig. 24), The piers and spans
are wheally swiled for imstrument deployments  Tide
panges were secured to the picrs and cutrent imeters
wete suspended from the spans or mounted by poles
driven into the ground. Dn the western side, beyond
a narrower fringe of mangroves, the bridge leads
duectly w the salt works, The ndal observatons
undertaken at this site extended trom 28 bebruary o
28 March, 1986 (Bye & Harhison 1987).

Tide gauges und current meters were also deployed
for shoner periods between the Conwrul Austrilian
Kailway bridge and Yorkey Crossing. This station ljes
upproximately 4 km further north of the salt bridge
and 18 bordered on both sides by samphire fats (Fig
2b) which are covered ut high waler springs and also
during the rare floodings which originate on the Pirie-
Torrens plains north of Yorkey Crossing (Bye &
Harhison 1994).

Since the above ohservations were of limited nme
span, i second mare extensive period was Initiated in
1993 The choice and location ol (il eyuipment wis

HYE & P HARBISON

bused upon the pilot vestigations. An Inter Ocesn 54
current meter was located within the town of Por
Avgusta at an shandoned road bridee using u cradle
mooring device. The current meter 18 bused upon an
clectromagnetic Nux measurement and thus has 1o
moving parts as do the conventional current mciers
This makes the current meter immune ta the effect of
algal growth, The current meter oblained data between
2T July 1993 and 27 August 1993. A tide gauge located
at whis sile proved faulty, The tidal constants in Table
I'were obtained from the Port Angusta power stalion
tide gauge fot the same period as the salt bridpe
deplovment.

A hottom mounted pressure hide pauge was deployed
al the Whyalls Railway bridge north of Port Augusta
between 28 July and 30 Ocwober 1993, Another bottom
mounted tide gauge was deployed at the salt bridge,
but this gauge was destroyed by vandals. A botton)
mounted tide pauge was deployed at the Central
Austtalian Ralway bridge between I8 September and
A1 Ocwober 1993, This gauge clearly indicates the
unusual tide of the tegion.

Tidal Analysis

To distinguish berween o progressive and standing
wvave situation the phase differences between the tidal
carrents and elevations must be Known. One of the
MOSE Important aspects of bdal systems is the delinition
of standing and. progressive waves. With standing
waves, the phase ditference berween the tidal elevations
and currents is 90° while for 4 progressive wave the
phase difference s 0° A standing wave may be
considered as being the sum of two progressive waves,
one directed landward and one of equal ampliude
directed seawsarnd . The landward energy Hux associated
with the incident wave is, in this case, balanced by the
seawand energy flux of the reflected wave und thus there
is no pet energy flux. In dissipative situations the
reflected wave will be frictionally attenuated and must
be smaller in amplilude than the inbound wave amd
(hus @ perfect standing wave is impossible. As the tide
propagates from the open peean. various nonlinesr
distortions oceur in the tidal signal, These distortions
are primanly influenced by nonlingar mechanisms
including frictional inferactions and interactions with
surrounding  bathymetric  features, as well as
atmosphenc effects and continupus  freshwater
discharges. The inweractions of the primary
astrononucal tide discussed above may be represenied
by the growth of the shallow water tides which indican:
the degree of nonlinear distortion of the primary signal.

In the analysis of tidal signals, it is common praclice
to decomipose the ndal signal into a harmonic serics
of amplitudes and phases, The total tidal elevation or
current may thus be represened by the sum of the
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Fig. 1. Locality map of upper Spencer Gulf.
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Fig. 2 (a). View of the salt bridge looking westward - Note un invesugator (Pat Harbison) on the [ringe of the mangrove

foresr, and the abandoned salt works in the background, (b, View looking southward hiom just befufe Yorkey Crossing
Mote the samphire fats on thewestern side of ihe channel, and the Cenmsl Australion Rauilway hrdge i the backeround
Roth views were ken o short hme alfer low warer
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Taniv L Tidal constituents for the upper Spencer Gulf
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g = amplitude, g = phase in degrees. The ndal elevations are w i and the currents are i em/fs. Currents are related
e the magnene bearing. The record lengths used with the analysis are given 1n the text.

Elevations

Currenls

Constituent Port Augusia Whyallu salt bridge Central Aust Port Augusta Port Augusta
11986 Ruilway (1246) Ruifway (Last) (North)
hndge bridgpe
a e a g i K H 2 a i i g
( 248 39 s 42 263 51 Ky 75 075 322 198 337
Ky 453 73 62 M 15l R0 308 90 .68 | 24 4
M, A7 206 oll 210 569 223 245 317 214 140 02K 139
S tebd 257 N4 67 a8l 275 ot 28R 262 |98 108 202
IMSS, 44 6B 24 IS 5 278 KL 018 3 058 100
Meily I3 22 A 300 82  Im 33 289 0,28 218 115 2714
ISM, 49 03 07 78 12 a2 052 52 245 57
35.M, 42 165 SN ils 26 85 019 347 042 350
MU, 9 9l 7 63 10 175 28 284 0p3 7 138 172
S0, i 23l 41 2 0l 242 59 356 045 200 315 21
SK, I M4 13 208 28 259 76 35K D18 337 i 27
My 12 925 i o3 29 57 50 {32 025 18 18
M5, 14 Y 12 245 77 4 136 138 029 [42 141 32
S, i 30 6 321 53 173 78 IBS 045 276 (1.54 307
AMS, 3 2% 4 345 7 48 | 337 a0s 7 037 29
M, 10 u 9 332 5 129 0 o4 013 .--353 0.26 348
IMS, K40 14 2 2r MWy 21 n? 7 46 45
25M,, 8 139 i 93 44 21 14 76 10,26 |68 163 169
S 2 M6 9 130 7 285 4 205 013 36 039 27
45M, 4 242 6 35 4 308 4 H g am 056 121
predicted harmonic senes and (he residual signal. 1.e. Results

Conin=0C. a0+ Cpin

where (o) is the observed tidal elevation or
current, ¢rra(l) 15 the predicted udal elevation or
current, Cr(t) 1s the difference between the ohserved
and predicted Gdal elevation and current,

The predicted harmonic amplitade s given by

N
gi'r-ﬂ'{.!} = 2"Jr{"""";{ []"l' v o":r}
=l

where a; 15 the amplitude of the ith constituent, o, 1%
the frequency of the fth constituent, ¢ is the local time
of Ihe duta and g; is the corresponding phase lag,

The residual signal includes all ndal frequencies
which are nol harmonically analysed as well us
dtmospheric storm surges. These storm surges usually
persist for 2w 4 days depending on atmospheric
conditions.

The harmonic analysis of all tidal constituents (Table
1) utilising programs developed by the Nalional Tidal
Facility shows the imporiani aspects of the upper
Spencer Gulf vde

& i.'..'lnly part Of gy s a shallow waler constitient, ey also is
W minor primiry bde,

The four major primary constituents (M,, S-. K.
and (3y) are the mam energy source for the region,
und the interactions of the dommant semi-diurnal
doublet (M, and S,) generate suites of quarter-diurnal
(Mg, MS,, S)). Inctonal semi-durnal (3M,8,;.0,2,
25M. and 35,M,) and frictional sixth-diurnal (4MS,,.
M. 2MS,. 2SM,. §,. and 4SM,) shallow water
constituents (Pugh 1987). Terdiurnal (MO,, SOy, and
SK ) shallow water constituents are also generated
through interactions between the four major primary
constituents. The MK, constifuent, however, is not
resolvable from the SO, constituent owing 10 the short
length of our records. The tidal energy spectrum al
the Central Australian Railway bridge (Fig. 3) clearly
shows energy peaks lor cach of these bands, and also
thul this energy is resolved by the harmomc analysis,
Two prominent higher frequency bands nol presented
in Table |, are also shown

Table | indicates thit the primary constituents have
a maximum amplifude hetween the Whyalla Railway
bridge and the salt bridge and also that their phases
increase between Port Augusta and the Central
Australian Railway bridge. Al Port Augusta he tidal
currents lead the tidal elevation by abour 60° indicating
a northwards propagation of” energy.

Each group of the shallow water constituents appears
to behave differently, although there is large variability
between the constituents within the groups. The
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clearest signal is shown by the quarter-diurnal con-
stituents, the amplitudes of which are far greater at the
Central Australian Railway bridge. The amplitudes are
approximately in the ratio of 1:2:1 for most stations
in agreement with theoretical prediction (Gallagher &
Munk 1971) and difter by about 180 between Port
Augusta and the salt bridge (Table 1), This is consistent
with & node occurring near the Whyalla Railway bridge
where the quarter-diurnal amplitudes are @ maximum.
The phase of the terdiurnal constituents also differs
by about 180" between Port Augusta and the Central
Australian Railway bridge where the amplitudes are
about half of the quarter-diurnal amplirudes,

The frictional sixth-diurnal constituents, on the other
hand, tend to have maximum amplitudes at the sali
bndge und very variable phases. Finally, the frictional
semi-tivrnal constituents show maximum amphitudes
at Port Augusta, with the suggestion of secondary
maxima at the sall bridge

Discussion

The propagation of the primary tdal constituents
(und also the frictional semi-diurnal shallow water
constituents) into upper Spencer Gulf gives rise to the
most vigorous fide in South Australia which occurs
between the Whyalla Railway bridge and (he sall bridge
where there is a generation of frictional shallow water

BYE & P. HARBISON

tidal encrgy. The position of this maximun tude
coincides approximalely with the node of the quarter-
divrnal tide. The maximum nidal range is defined us
the summanon of the mean spring sc-diurnal range
(MS5R) and the mean spring diurnal runge (MDR)
where MSR = 2 (M, + §,) and MDR = 2 (K, 4
0)) (Easton 1978). Following the above definition the
maximum recorded tidal range for South Australian
witers occurs at the Whyalla Railway bridge and
corresponds toan elevation of 4.1 m, compired to the
runge at Port Augusta of 39 m. This tudal range
identifies the tide as being al the very upper end of
the mesotidal range (2.1 - 4.2 m)

Friedrichs and Aubrey (1988) have classified
estuaries in which the lunar semi-divrnal tide (M.) is
dominant over the solur semi-diurnul Gide (S,) into
ebb dominant and Mood dominant. In an ebb dominani
estuiry, much greater ndal currents occur during the
ebb following the exposure of mudilats and the release
of intertidal storage. To overcome these effects the
duration of the ebb Lide 15 far less than the Mood Lide.
The consequence of ebbh dominance is to provide i
mechanism lor the long-term outwelling of sediments
and pollution. In the reverse sitation of [Tood
dominance, the estuary usually does not contain
intertidal mudflats and thus the duration of the flood
tide 1s less than the ebb and as a result the currents
are greater on the flood ride. Flood dominant estuaries
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Fig. 3. Power spectrum of lidul energy at the Central Australian Ruilway bridge.
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usually consist of more unstable geometnies and w the
lng, teem become Billed with Tine sediments which
arise from the net transport ke the estuary. This
classnication is based on the phuse diffidrence between
the prinary Tunar tides (M) and the major shallow
water tide (M) In the ebb domanuant situation. (he
wiuium M, current approximigtely eoincides wilh
the maximumt of the M, curent, and wethe flood
dopipant situation the maximem of the M, curmem
approximustely councides with the maxinunt of the M,
currem

We fimed sl thay elassi eation is pot appropriate for
the brine estuary ol upper Spenver Gull, which behives
either ay mgh waier or low water dominant. High waler
dominant conditions occur when the diflercnces
between the igh water Jevel and mesn seq level ure
much ercuter than those between the low water level
and mean sea level: the opposie occurs lor low water
dominant conditions. [ high water domimant situalions
the maxwnum  of the dommam shallow  wawer
constituent approximately coinedes with the maxinum
al the primary bdal amphitode and viee versa, For
eaample, ar the Central Australian Runlway hridge. the
phase dillerence berween the MS, constituent and ity
correspunding  astronomicul  generatny tide 18
(M, +S5.)-MS, =17~

The mgh water domanant eny nonoent consists of
a-well detined channel which 1s very shallow at low
water, but which can accommodate the propagation of
the incoming and oulgomg tides except very neur hijgh
waler when overbank flow on the samptine banks
occurs. However, with the low waster dominunt
environment, the channel s deep enough o have a
negligible effect on low water levels, but as high tide
approaches, Targe volumes ol water spill mto The
adjucent mangrove agreas filling up the interfidal
depressions and truncanng the high waer level. The
node between these two envirnnments where the mosi
vigorous tide occurs marks the position where these
twur opposite effects are in balance. These properties
appear ta be due 1o the almost egual amplitudes of M,
and 5, (see below).

High water dontinant conditions are well developed
at the Central Australisn Railway bridge such that the
oW water levels appeal w be “ut-off” (Faig. 4h). There
are lour interesting features of this record. First, the
low waler levels al [he neap lide are lower than ar the
spring tide. 1t s helieved that this is the result af the
formution ol intertidal pools of gulf water trapped
between the Centrul Ausiraban Rmlway bridge and
Yorkey Crossing, Water is held in this region on the
chbing tide which s slowly draingd unbil the ude twms
bul Juring the neap vycle, less waler is able (o be stired
in the upper neaches and subsequently the low water
level as less than the spring tidal level.

Second. the ditrnal ineguably of the ude produced
by the heating ol the diurnal dod semi-dirnal cim

stituents 16 signilicamly  modulsed ar the Central
Australign Rallway bridge relutive w the Whyalla
Railway bridge due 10 the geperution of the teediural
tides.

Third, the residual records show that stor surges
are usally greatly attenudted between Whyalla and
Central Austratian Ralway brudges,

Fourth, the drainage from the samphire Mats retands
the low tide much more than the high tde. The
approximate lags between Yorkey Crussing and Pon
Augusta, deteciined direedly from the short tidal
recards ol the pilol study, were high water 35 nnn,
low water 180 min. Similar resulis can be obraned
from Fig. 4a and b. The difference between the lags
is primarily due o the major quarter diornal shallow
water (We (MS), 45 can be seen from Fig. Sa
which the three tidal constituenls M-, S, and MS, are
represented as well s the contbinauon of the threce.
An interesung featwre o Fig, 4bos the torm ol the tidal
fufge curve during the ebb, which resembles an
exponeniial drainage curve, and is clearly reproduced
in Fig. Su. Thus the drainage from the samphire flars
is explamed harmomcully hy the existence of MS,.
This appeurs 10 he u unigué propeny of the system in
which M, and §;, have approximately the sume
amplitude. The corresponding currenl record (Fig, Shi.
which s constructed by differentiating the tidal
clevations with respect o bune. and scaling o give
X imum tidal velocines similar 10 the observanons
{ =135 my') shows characteristic current spikes al
the beginning ol both Lhe ebb and flood tides winch
are of similar amplitude and also a slow ehh (=3
ems ') during low nde. This structure was nbserved
in the short period current meter deployments just
south of Yorkey Crossing and at the salt bridge (Bye
& Harbison 1987, 1994).

Flatening of high warer cun be seen in the Whyalla
Railway brdge recond (Fig. 4a) but the impurtanee ol
MS, (Table 1) much smaller here than in the high
tde dprninant condibons ab the Central Austral fan
Railwav bridge

Conclusions

Following ai extefisive held progiainine of tidal
elevations and currents, the lasgest tide in South
Australia 15 believed 10 exist in upper Spencer Gulf.
north of Port Augusie. Thistide is the peak of the three-
guasrter resonunce in Spencer Gull which gives rise
to i rapid increase in amplitude northwards trom near
Walliroo, The localion of the Whyalls Railway bridge
was. observed 10 hive the largest amphiades of (he
major astronomical tdal constituents inamely the M,
S.. K, and O, udes) giving a vidal range which lies
within 4 (0 4.5 m where typicully the tidal range in
both gulls w cliser 10 2.5 10 2 m. Just beyond the bridee
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Fig_ 5. (a) Tidal elevations and (b) Tidal currents at the Central Australian Railway bridge, constructed using the tidal constituents
M,. S,, and MS5,.
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i shallow water tdal node oceurs and we idennfy tus
location as the probable positon of the largest ndal
range. As in all ridal stodies, however, the longer the
length of tidal records, the betler is the harmonic
analysis, In this study we have relied on one-two month
deployments at several locanons. Longer records would
be necessury 1o improve the dccuracy of the tidal
canstants,

The nonlinear interaction  between the  major
astronomical  consttuents and  the  surrounding
bathymetric  features leads (o the gencration of
significam shallow water ndes, especially the quarter
diurnal MS; constituent which dominates because of
the similar amplitudes of the M, and S, udes,

These observations prompt the speculation that the
samphire ats and mangrove forest environmenr have
evolved as o positive feedback o the shallow wiiter tidal
mteractions. In other words, In the absence of the
unusual South Australian tidal regime in which the
major semi-diurnal tdal consttuents (M. and S.)

BYE & P HARBISON

have a similar ampliude, the intertidsl envirnment
would be guite different.

It 45 also likely that the changes in the intertidul
envitnnment of upper Spencer Gulf and its northwisrd
extension into the Piric-Torrens plains that have
occurred due torsea level changes have been decisively
influenced by shallow water ddal mmeracimms.
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