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Abstract

A research programme has been urdertaken by Hydraulics Research (HR) in
conju rrction with Hanrich Harbour Authority ( HHA), to study cohesive sediment
behaviour at two points within Hanrbh Harbour. The proiect was iointly funded
by Hydraulics Research, Harwicfr Haven Authority and the Department of the
Environment.

The obiedive of the research is to increase urderstanding of near bed
gocesses and their influerre on cohesive sediment transpott processes. The
krnwle@e acquired will enable an inprcvement in accuracy and precision of
predictive rpdels ol cohesive sediment movernent.

The accuracy of the prediction of the rnovernent of cohesive sediment is at
present limited by the degree of understanding of lhe near bed hydrodynamics
and the infbence of the trydrcdynamics on sedirnent transpon processes.

The aims of the woft described in this report were to study the cohesive
sediment transport processes at two points within Hanrich Harbour (FQ 1) and
to calibrate ard verify the siltation at a point (SAP) rnodel. This involved tte
collection of fieH data over a spring and neap tkle at the tvto points, long lerm
nnnitoringof suspendedsedimentconcentrationsandwindspeedanddirection,
application of previously obtained nuJd poperties and recording the hours of
operation of Jetsed dredging.

It was consklered that the sr.rspended sediment concentrations at any time was
dependent on the state of the tkJe, the tidal range, the wave ac{ivity (as
expressed by wind speed and diredbn), Jetsed dredging and seasonal etfects.
8y analysing the long term suspended sediment concentration data in half tide
perbds, the indeperdent effects of the forcing factots were to be assessed.
However, the multiple combinatbn of forcing factots and the shorter than
anticipated period of measurement made the assessment diffkrult.

The two points were setected because point 1 was known lo exhibit a relatively
large rate of net deposition whereas point 2 showed little increase in bed depth
over extended pefuds. lt was consiJered by HHA (Ref 1) that sedament
accreted at a rate of 1-2m per year in the vicinity of point 1. This material b
consirJered to comprise deposited suspended sediment and matedal that
slumps ltom the shallow region at the toe of lhe river bank. lt is thought lhat this
matedal drifts slowly towards the deeper parts of the ha6our. Near point 2 no
such sbmpirq occurs and the processes of deposition ard erosion of material
seemto balance. lt is estimated (Ref 1) thatthe accretion rate is bssthan 0.2m
per year.

It is diflkrrltto isolatethethreelorcirgfactors of tirJalrange,Jetseddredging and
wind speed that affect susperded sedimeril corrcentration and therefore erosbn
and deposilion charac{eristics. lt is thought that all three atfect suspended
sediment corEentration.

Changes in suspended sedinrentcorrcentration are shownto be similaroverthe
Harbourarea studied. Evlderrce showsthat an increase intidalrang€ causes
irrcreases in suspended sediment concentration. An irrcrease in the rnean (half
tkle) wind speed above 30kts appears to cause an immediate irrcrease in
suspended sediment concentration. This high corrcentration reduces quickly as
the wind speed abates. lt appears that Jetsed dredging increases suspended



sedirnent concentration. Such irrcreases are telt farfrom the dredging location.
The magnitude of irrcreases in suspended sediment concentration is dependant
on the duration of jetsed dredging and the distarrce away from the operation.
Results show irrcreases in suspended oorrcentration correlate wellwith increases
in bed shear stress. This indicates the source of suspended material was close
to the sites surveyed.

A successful analysis of the mechanisnrs @ncerning sedinent setlling and the
associated in situ corrcentration proliles showthat settling velocilies calculated
usirq an analysis of suspended sediment @ncentralion proliles conpared well
with Oren tube rneasurements previously taken in lhe area.

SAP was calibrated by three rnethocls at point 1 and lor each method the model
was $rooessfully verified at point 2. Averaging the results predicted by SAP
using methods 1 and 2, 500kgm'2 per year was deposited at point 1 and
100kgm€ per year was deposited at point 2. This indicated increases of bed
thkl<ness of 1.2m and 0.1m respectively. The predklion from SAP compared
well with the HHA estirnated bed levelchanges, 1-2m at point 1 and less than
0.2m at point 2.

To acquire the rnost suitable suspended sediment concentration dalato input
inlo the SAP model, it is suggested that in the future the rnonitots be fixed to a
stationary object at a height of 0.1 m above the bed. This couH be implernented
using a jetty or wharf structure or where such constructions are not available a
simple bed frame may be used. Both winter and summer measurernents should
be taken.

This study has increased the krowledge of the behaviourof cohesive sediments
in estuadne and marirre areas. Results have irdicated that SAP can be
calibrated successfully using field measurements. The calibration could be
utilised to study deposition, erosbn and onsolirlation at other points in an area
where mud propeilies remain consistent with that used within the SAP input
conditbns.
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t. lntroduction

1.1 Background

The ability to predict the moveme nt of cohesive sediment within tldal waterc has
a sQnifbant economil:al and ecological impofiarrce in the development of new
engineedngworlcsandthemaintenarrceof existing installations. Schemesgrctr
as the reclamalbn of intertklal flats, the construction of new berths, or the
enlargement and extension of dredged channels require a sound engineedng
appraisal of the likely changes an the pattems of sediment npvement whictt will
result after the scheme is built. Moreover, prediction of the movemenl of
cohesive sediment is crucial in the understanding of the distrihfiion of ceilain
pollutants, in partbular heavy metals whicfr are adsorbecl on to clay and silt
particles.

The pocesses of transport, deposition, onsolidation and erosbn of cohesive
sediment are contrclled by a conplex anay of physical and chemft:al factors
which are only padly understood. Any attempt lo predk1 lhe rnovement of
cohesive sedirnent mustfirst inve$igatethe natureof the hydrcdynamicsof the
water and then relate the movement of water to the movement ol cohesive
sediment. As yet, it is rpt possble to predlct the behaviour of a cohesive
sediment fiom its physical and chemk;al propefiies alone and the pdrrcipal thrust
ol research has been to determine in the laboratory or in the field, lor a given set
of tlow conditions, the behaviour of a cohesive sediment.

1.2 Objective

The obiective of the research b to increase understanding of rear bed
processes and lheir influerrce on cohesive sediment lransport processes. The
krnwle@e acquired willenable an inpovernerf in acanracy and precision of
predittlve rnodels of cohesive sediment rnovernent.

The acorracy of the predic{bn of the rnovenent of oheslve sediment is at
present limited by the degree of understarding of the near bed hydrcdynamics
and the influerrce of the hydrcdynamics on sediment transport processes.

The aims of the woft described in this repofi were to study the cohesive
sediment transport processes at two points within Hanrich Harbour (Fig 1) and
to calibrate and verify the siltation at a point (SAP) model. This involved ttc
colleclion of lield data over a spring and neap tide at the two poinls, long term
nonitoringof suspendedsedimentconcentrationsandwindspeedanddirection,
application of prevbusly obtained mud poperties and reoding the hours of
operation of Jetsed dredging.

It was consHered that the stspended sediment concentrations at any time was
dependent on the $ate of the li(k, the tidal range, the wave activity (as
expressed bywind speedand direction), Jetsed dredging and seasonaleffecls.
By analysing the long term suspended sedirnent concentratbn data in hatf tiJe
per'nds, the independent effects ol the forcing factors were to be assessed.
However, the muttiple combination of forcing fadors and the shorter than
antbipated period of measurement made the assessment difficult.

The two points were selected because point 1 was krpwn lo exhibit a relatively
large rate ol net deposition whereas point 2 showed little increase in becl depth
over ertended periods. lt was considered by HHA (Ref 1) that sediment



accreted at a rate of 1-2m Wt yea( in the vicinity of point 1. This material as
considered to comprise deposited suspended sediment and material that
slumps from the shallow region at the toe of the river bank. lt is thought that this
matedaldrifts slowly towards the deeper parts of the harbour. Near point 2 no
srch slumping occurs and the processes of deposition and erosion of material
seem to balance. lt is estimated (Ref 1) that the accretion rate is less than 0.2m
per year.

2. Field Suruey Measu rements

2.1 Long term sediment concentratlon

H R received two periods of long term data from HHA. The f irst f tom 27e October
89 to 13fr March90. The second tlom 2! May 90 to 3d June 90. Unfortunately
data between the two perbds were not available. The logged data during the
two periods also had shoil breaks, which made the analysis of results rnore
difficrrlt.

During the study, suspended sediment concentration was measured using two
silt rneters. The first (nonitor 1) was moved within the ha6our area. Sites
studied with the first rnonitorwere as follows.

1) Lightship 2

2) Lightshlp 10

3) Holbrook Beacon

OilJetty
Lbhtship 2
LQtrtship 10
Holbrook Beacon

626148mE,233 591mN
?/11/8,9-30t11t89

624 461mE, 233 375mN
d12/89- 5tz90

6'18 214mE,233 622mN

5m above bed (fixed)
mkl depth (variable)
4m below surface (variable)
1.5-2.0m above bed (fixed, mld
depth al lowwater)

14trc0-13t3t90
u5t90- 3/6 90

The second (nnnilor 2) was pennanently attached to the Oil Jetty (627 872mE.
?f33282 mN). Unfortunately, the silt meters were mounted at different heights
at each locatbn.

The usual method of prccessing the susperded sediment concentration, is to
split the data into half tkle llood ard ebb periods. To limit the effect of s(]nal drift,
the lowe$ 3 valu es of each half tide data set are averaged, this minimum or zero
value is then srbtracted ftomthe mean value calculated forthe onesponding
flood or ebb tkles. Using a similar system but using the average of the h(;hest
three values (afterthe drift efiect has been removed) the maximum suspended
sediment @ncentration overthe halt tide can be assessed.

The rnonitor at the Oil Jetty was prone to excessive drift. The drift was thought
to be due to an adjacent discharge from a fermentation produds etfluent pipe
creating a prernature coating of the monitor. Horrever, when the zero half tkJe
value is subtracted f om the half tkle rnean anC maxim;m grspended sediment



concentration, drift of the in$rument is refi{wed and realistb data can be
presented.

Understandably,bothrnnitorsstrorthatthezercvalueisincreasedorsklerably
during periods of prolonged high suspended sediment concentration.
Subsequently, when lhe zero reading is subtracted frcm the runnirg mean an
unreasonably low mean anspended sediment result is aquired. Thus, care
should be taken when interpreting the data. The irrcreased zero value shows
a conelalion with h(;h tidal range/dredgirq/wind aciivity in the area.

2.2 Other long term data

Tidal range in the harbourwas not measured. The data used within this report
has been taken from Admiralty Trde Tables.

Wind speeds and directions were measured by HHA overthe same periods that
sediment concentration data were acquired. Both gust ard mean wird speed
measurements were available.

HHA provided Jetsed dredging records overthe period of suspended sediment
data collection. In summary a number of dredging campaQns took place
between the following dates.

1) 8 Nov 89 to 22 Dec 89.
21 13Jan90to 15Jan90.
3) 31 Marchto 27 April90.

The location and numberol hours dredged are shown in Table 1.

HHA also provirled shipping records at the Oil Jetty dudrq the month ot
November39. This is sumrnarized inTable 2.

2.3 Short term measurements

Veilicalpofiles of velocity, salinity and turbklitywere taken in Haruich Harbour
dudng neap tides 26-27 July 1989, and during spnng tktes 18-19 Septerber
1989. Locations used in this study were,

point 1; 626 216 mE234190 mN,
point 2; 627121mE 233 689 mN.

Two sets of instruments were used simultaneously. A lower bed lrame unit
contained a Partech cNJnent meter, a Partech turbidity meter and a Semat
salinometer. The upper sets of instrurnents were used to prolile from 1 m above
the betl to the surface and consisted of a HR Sevem cunent meter measudng
speed and direclion, a Pailech turbHity meter and a Semat salirpmeter.

Simultaneous profiles were obtained ftom the two units at approximately hall
hourly intervals throughout the tkJalcycle. Data collecibn was interrupted for
short perbds when the survey boat was wvinging because ol the changing wind
or tkJe. Prior to both deployments the turbkJity and qrnent meters were
calibrated,theturbiditymetersbeingrelatedtoFormazinstandard. Manyinsitu
bottle samples were taken on the second deployment. This allowed the
relationship between Formazin tutbidity units and ng/l for the observation site
to be obtained.



Despite predeployment calibrations for the first deployment on 26-27 July
1989, a sharp discontinuity in the turbidity between the two units was obtained,
the upper unit reading higherthan the lower one. This could have been caused
by dirt fouting the optical window of one ol the turbirJity meters after calibratbn.
To conec{ lor this the suspended sediment corrcentrations for the upper unit
were decreased by 50 FTU (285rngfr). While this creates profiles which are
rnore consistent, some cautbn shouH be exercised in using the corposite
profiles obtained on these days.

2.4 Bed density profiles

Density profiles close to the two points underconsiJeration have been supplied
by HHA (Ref 1). However, the intepretatbn of the density profiles is made
diff icufi due to the Jetsed operatbns beginning on November 8t 1 989. The only
data in the experimental area taken before the 8s Nove rber 1 989 was laken on
1r December 1988.

3. Interpretation of Long Term Field Measurements

3.1 Spacial variation

Fqnrres 2€ illustrate the way the relevant parameterc vary with tirne. For
example, figure 2a shows the vadation of tirial rarqe andwird speed withtime.
F(;ure 2b showsthe variatbn of zero, npan and maximum suspended sediment
concentratbn,forebbandflootltidesatrnonitorl. Fi;ure2cshowsthevariation
of zero, mean and rnaximum suspended sediment concentration,lor ebb and
lloocl tides at monitor 2.

It is shown in f(;ures 2€ that increases in background uspended sediment
orrcentratbnbasknllylolbwsimilarspacialandtenporalvariationsthoughout
the Habour area. That is, an irrcrease in suspended sediment seen at the Oil
Jettywill also be seen at the Lightship instrument and visa versa. There are a
few exceptions to this rule, uanally due to the location of dredging activity. For
example, during dredging on the flood tide at Trinity, irrcreases in suspended
sediment are only seen at the L(Ttrtship instrurnent. This is due to the fact that
the Oil Jetty is seaward of the Trinity dredging area. On the ebb it seens that
the suspended sedirnent has been deposited up dver {at high water), and
therefore, suspended sediment corrcentrations have reduced to values similar
to pre.letsed data.

3.2 Tidal range

It has been found in other muddy tidal environrnents that the corrcentration of
zuspended sediment varies in proportion to the energy in the tUe (for example,
tirlal range). This appears to be the case for the Hamich Harbour area also.
Frgures 2-6, clearly strovns an irrcrease in zero $spended sedimer[ corrcentration
dudng periods of h(7h tidal range lor both ebb and lloocl tkJes.

This irrcrease in zero suspended sediment concentration is consirJered to be
caused by any, or a ombination of the following factors.

1) Dudng pedods of large tidal range both ebb and flood velocities will be
increased. This erggests h(7her rates of erosion and therelore higher
corrcentrations of suspended sediment in the water column.



2l The effec{ of surface waves will be rnore prornunced as water levels will
be bwer durirE periods of high tkdal Enges. The etfecl of breaking waves
on mud flats during lhe ebb tHe, will erode considerable amounts of
matedal in areas that wouH remain unaffec{ed when covered by water
during lowertidalrange periods. HQh windswould also augment this
etfect.

3.3 Wind

It b interesling to note the linear relationship between gust and mean data.
Graphs showing mean wind speed vercus rnaxinum gust speed lorthe months
of Decernber and March are shown as examples (Fig 4.

Periods of golonged high wind speeds have a definite atfect on suspended
sediment corrcentration. For example, on January 25 1990 betweon I 0.00 and
22.00hrs mean wird speeds rpasured were over 30kts. At limes gust wird
speeds reachecl 50kts. F(lure 4 dearly shows a oonespondingly hqe increase
in suspended sediment oncentratbn (apprcx 80 ppm) ln both €bb anC flood
tides. These hQher concentrations reduce quiddy to lorer values (approx
20ppm) in the following tide when wind speeds had reduced to values below
20kts.

The irrcrease in suspended sediment durirg h(Th wind speeds is short lived, ard
therefore, probably due to local wave slining. That is, the choppy water surlace
eroding sediment in shallow mrd flat areas.

3.4 Dredging

It is expected that the disturbed bed matedal caused bythe Jetsed process will
consolidate slowly and will initially have a low threshold to erosftrn. Therefore,
this material will be easier to remove than the ofiginal bed rnaterial during
conditions of hlgh bed shear stress. This rnay be caused by high cunent
velocities and/or wave activity.

3.5 Dredging, wind tidal range

During ped<lds ol dredging, high wind speeds, ard high tidal ranges the
suspended sediment concentration is increased wellabove that expeded for
any of the conditions experierrced separately. lt b unfotunale that dtring the
pedod ol study high or low values of the above parameters ocuned generally
atthe sanretirne. Thus, it isverydilficultto isolate asinglevariablecausingthe
charqe in suspended sediment concentration. Neverlheless, a desoption of
the important points in F(lures 2€, and an atlempt to distinguish the possble
causes of eachcase of irrcreasedordecreased uspended sediment has been
made.

Wth refererrce to the suspended sediment concentration data flom monitor 1
whichwasrelativelyunaffectedbysignaldrtft,thelollowingobservationscanbe
made. ft appears that during neap tkles (eg. 7 l,lov, 22 Nov, 23 Doc, 2O Jan,17
Feb, 6 Mar) the suspended sedinrent concentftilion remains low, between 20-
40ppm. The suspended sedimeril content does not appearto be affec{ed by
winds of 1 0-20kts. During neap pedods there appears to be conelation between
peaks inwind speed (greaterthan 20kts) and suspended sedimerfi corrcentratlon
(e{ 8,9 ard24 Nov, 19 Feb,9 March).



Similarly studying spring periods the following observations can be made.
Between the 8-9 Nov and 1 6-1 7 Nov wind speeds are hlgh (20-30kts). The zero
remains unaffected but the mean slpws a similar irrcrease to the tidal range.
Jetseddre@ingisalsotakingplaceduringthisperbd. Thedipinconcentrataons
between the 11-16 Nov, seems to conelate with a decrease in wind activity.

During the spdrg pefud around 3 1 Dec, low winds are present (less than 1 Okts).
There b no change in the zero, bnt a small dse in mean suspended sediment
corrcentratbn occurc. This indilxtes that tklal range b important.

Wnd speeds of 10-20kts are seen arourd the 13 Jan. There appear to be a
small rise in the mean suspended sedirnent concentration due to the tklal range,
hrt th€ two peaks are probably caused by the Jetsed dredging operations.

Wind speed is high and tirJal range is large at the next spdng tkJe (30 Jan). This
causes a susflained tise in zero, rtean and maximum suspended sediment
concentration. lt strould be notedthd afterthewind speed decreases (26Jan),
the suspended sediment concentration continues to dse with the increase in
tidal range. The 30kts peak in wind speed on the 25 Jan is clearly related to the
peak in suspended sedirnent corrcentration on the same day.

On the 1 4 Feb wind speeds are hQh for that day which causes the peaks in zero,
mean and maximum grsperded sediment concentration. The change in tkJal
rarqe between neap and spring tides is srnall, and therefore the zero suspended
sediment oorrcenttation is relatively low.

In February rnonitor 1 was moved to a third localion, Holbrook Beacon. On this
occasion the monitor was positioned nearer to the bed than dudng previous
deployrnen[s. Thisexplainstheh(Therpeakinsuspendedsedirnentcorrcentration
on the 28 Febwhen the wind speed is high (30-35kts), and the change in tidal
range from neap to spnrp is large. Both these factoci cause increases in zero,
mean and maximum suspended sediment concerilration.

The suspended sediment concentratbn derived fomthe second rpnitor at the
Oil Jetty strows similar pattems to those describecl for npnitor 1. In addition,
data for the May-Iune period can be assessed. For both of the spring tides
drring this period, wind speeds are low (10-20kts), the change in tidal range
between sprirq and neaptkles are also low. This is pofirayed bythe very low
levels in mean and maximum suspended sediment concentration dudrg the
sping tides. The maximum suspended sediment concentration appears to be
very efiatic during this period, irrcreases in maximum suspended sediment
concentratbn do not conespond with irrcreases in wind speed.

It can be seen in f(;ures 2 and 3, that during the Jetsed operations in Novernber
and Decenber 89, parti,cularly 11-13 and 1&19 November, flood susperded
sediment concentrations at the Oil Jetty appear to be far larger than on the ebb.
It is considered that this was caused by Jetsed operations canied out
pre&minantly during flood periods. This would suggest sediment is being
transported upstream, to deposit at high water. Little of the deposited rnaterial
appears to be re-ansperded during the ebb. The deposited material may be re-
suspended by a storm event or period of hlgh tidal range and be transpoded
further upstream or downstream. lt seems sensible to limit Jetsed operations
to ebb tides only, to remove the sediment from the inner harbour area.

In conclusion, it is thougtrt that perlods of h(7h tirJal range increases suspended
sediment corrcentration. High wirds alone, also seem to raise supended



sediment concentration. During modest spring tides the wind effect seems to be
enhanced {eg 26,27 and the 29 Feb). The large rises in zero, mean and
maximum susperded sediment concentration onthe 30 JanaN2T Febclearly
show lhe effect of high tklal rtrnge augmented by high wind speed.

Lastly if we compare the sprirqs of 14 Nov (Jetsed activity) ard ths 29 Feb (ro
Jetsed ac{ivity) it appears that Jetsed is irrcreasing the length of the raised
suspended seditnent concentration durirq the fonrrer pedod. Wirtc| b stronger
on the 29 Feb fut the per'rods of raised uspended sedirnent corrcentration are
shorter with smaller magniludes. lnterpretation b diffkxtlt because dredging
takes place during spdng tide periods, ard often during spells ol hlh wird
sp€ed.

3.6 Ship movements

Flgure 8 sfnws typical perioG of suspended sedinent conc,entrations at the Oil
Jetty. The period 3-7 Novenrber covers a tirne span dudng whbtt m dre@lng
has taken place. The period 8-19 November covers a time span over whidl
dredging has taken place. Also strown are the times of ship activity at the Oil
Jetty. lt can be seen that there is little change in suspended sediment
corrcentration due to the chuming of lhe bed by propeller action. Any sligttt
irrcrease in susperded sediment is quickly reduced as the water column is
advectedthroughthe area. ltcan be ex@edthat ship rnvements maycause
greatest localised irrcreases in suspended sediment concentration soon atter
dredging activities have ocptrned before the bed has had time to oonsolkJate.

3.7 Bed profiles

Figure 9 stnws typbal bed profiles in the ietty area before the Jetsed operalion
tookplace. Theseprofilesweretakensouthof lheexpedmentalpositions. tthas
been assumed that they are typbal of the area. Also plotted in t(ryre 9 is an
average profile (fitted by eye) which was used as ing.tt into the SAP model.

Profiles were taken south of points 1 and 2 before and afterthe Jetsed operation
on the 7h and 23d November 89, respectively. lt was estimated from sanndings
that 1m of bed had been renpved. Therefore, the post.retsed profile in lQure
10 has been displaced by 1m to compare it with the predetsed profile. The
continuity between the pre.Jetsed data andthe postrtetsed data substantiates
the removal of 1 m of bed. The postdredge prcfile indbates that a small arnount
of materialhas been redeposited. The bwerbed layers seemto remain inlact,
hfi relatively closer to the becl surface.

The positions fuflher away f rom the ietty (nrirl channel) appear to have steeper
density gradients paftilcularly close to the bed sudace. This may be caused by
larger cunent velocities sweeping the bed free of newly deposited low density
material.

3.8 Analysis

It was hoped to quantify the conelatbn factor between the varlous independent
variables, namely, tidalrange, duration of Jetsed operations ard wird speed
with the dependent variable suspended sediment corrcentration. However, it
was found that this was mt possible for the followirq reasons.
1) Lackofdata.
2l S(Tnaldrift of the monitors.
3) Complexity of the possible interaction betuteen effects caused by the

diff erert lorcing variables.
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A linear increase in suspended sediment corrcentration with tidal range (neap
to spring tides), followed by a linear decrease in suspended sediment
concentrationwilhtirJalrange(springtoneaptkles)isoftenseeninthedata. For
example, figure 11 shows suspended sedirnent concentration versus lidal
range fortwo consecutive pedods, 21€0 Jan (neap-spring) anC 31 Jan-S Feb
(spnn* neap). The one enatic point during the neaPspring perftrd is caused
by the peak in wind speed on the 25 Jan. Figure 11 illustrates how qubkly the
silJspended sedinrent concentration retums to value similar to the previous tkle
level on the next ebb lkle.

Similar graphs dudng Jetsed operatbns show a rr.rch steeper gradient to the
linear regressbn. lt is diffkarlt to say whether this is caused by the Jstsed
operatbnorincreased spring-neaptidal range, oracorbinationof bothfactors.

4. Interpretation of Short Term Measurements

4.1 Velocity and conoentration

4.1.1 Variation with time after high water

Data at the two points 1 and 2 (Fb 1) have been analysed. Figures 12 and 13
compare the vadation of water depth, depth mean velocity and near bed
suspended sedinrent concentratbn at the associated location for Spring and
Neap conditions.

Figures 1 2 and 1 3 show similar lrends for both positions and conditions (except
neap position 2). The velocity and also the suspended sediment concentration
increase to a maximum (sharp peak) one hour after h(1h water,lollowed by a
decrease in both velocity and concentration towads a minimum at lowwater.
One houratterlowwater, velocity and concentration increase to a rnaximum and
remains fairly consilant at this relatively hQh levellorS hours. Both values then
reduce towards high water.

At position 2 during the neap pefud there are only srnall changes in velocity and
concentration overlhe 12.5 hour period neagrred. There are ineguladties in
both profiles. An extended ircrease in vebcity towards the seond hph water
b seen, this is similar to other plots in figures I 2 and 13. lt shouH also be noted
thatthe velocity and oorrcentrationvaluesare consirJerably lowerthanforother
p"rb,t:.

During data collection at point 1 (neap) a gap is present. This data tuas been
estimated for use in the siltation at a point (SAP) model.

4. 1.2 Velocity versus concentration

The abovedalacan be represented in anotherrnannerillustratingthe relatbnshp
between oncentration and velocity. Frgure 14 shows an increase in average
suspended sediment concerilration wilh an increase in velocity, followed by a
gradualdecrease in corrcentration asthe suspended materialsettlesoutduring
periods of lower velocities. This occurs for both flow directions, although on the
ebb, velocilies are greater and thus concentralions are larger.



It is interesting to note at point 2 (neap) the suspended sediment ooncentration
does not increase substantially during the pedod of observation. An average of
0.15kgrn3 is fairly low compared to the peaks in corrcentration for the other
periods of 0.6kgm€.

Grabemann and Krause (Ref 3) showed that sediment erosion and deposition
was deperdent on the direabn of the flows in the Wesser estuary. The eflects
of adveclionwere clearly shown althe erdsof theflood tkte. Towards highwater
the advected partkies sGttled with decreasing tlood velociry wlthin 1.5 tulrs.
The pafiides continued to settle after revercal of the anneni dtdng the ebb tite.
Justwhenlhecritbalqrnentvelocity (about0.2rns{; thisvahrcagreeswellwith
results of HR [Ref 5[ was reached, re-suspensbn of pafibles and distribution
into the water column took place.

Two to three hours after onent reversal an effect of depletion of the partkt€
source was observed: the water cleared despile petslstirtg strong ctlnert
velocities;therewerenonbrepartidesavaihtileintlparea. Tlrepadideswere
displaced downstream, and at the beginning of the floocl tide ttpre was only a
small arnount of material thal could be recuspended or ercded.

At Hanrich Harbourlhe behaviourof the cohesive bed appears to be differenl
lo that in the Wesser esfirary. lt should be noted that the points at Hamich are
close to the rnouth of the estuary where sedinent deposltion would be the
predominant factor. Points studied in the Wesser estuary were up to 20km
upstream of the rnouth of the estuary. Tldal cunents at Harul$ are also half lhat
seen at the Wesser site. lt can be seen in fQures 12 and 13 that lncreases in
suspended sedinrent concentration follor cbsely irrcreases in velocity. This
indicates that matedal b being re-zuspended close to the points unCer
conskleration and the process of advection frcm further afbld (ucfi as d tho
Wesser estuary) b not predominant.

4.1.3 Near bed velocity profiles

Typical near becl velocity prof iles for position 2 are shown in ft;ure 1 5. The plots
illustrategoodlogadthmicnearbeclprofiles.Thelengthofthelittedlireindbates
the part of the profile used to calculate near bed shedr sfiress. This il[,r$rates
that the shear stress cabulated from the data should be accurate.

4.2 Calcutation of shear stress

Shear stress has been calorlated in a nunberof ways.

1) The velocity at a reference height of lm was used to determine the shear
stress using the smooth turbulent law.

2l The depth averaged velocity was calculated and used in the smooth
turhrlent law at 0.37 x depth of the water cohrmn. Results show that data
dedved using melhocls (1) and (2) gave very similar results.

3) Theshearstresswascalculatedfromttenearbe<lvelocitymeasurernents
using logadthmic profiles such as those shown in figure 15.

It was thought that the shear stress derived using method (3) was overestimated
due to the bed frame sinking into the mud. A value of 0.04m was removed from
the heights of the instruments to conpensate forthe sinking of the frame. This
assumes that the bottom instrument is resting on the bed. The calculation in



method (3) was repeated using the adjusted depths. These revised shear
stresses from method (3) and resutts using methods (1) and (21are plotted in
lQure 17.

Results using lhe conected log profiles show a large reduciion in the shear
stress dedved from the odginal profiles. Results in general are sfiill higher than
methods (1) ard (2), but shoiv similarpattems.

4.3 Settling velocity

A onedimensional steady state analysis of the rnechanisns concemirg sediment
settling and the associated suspended sedimeril @ncentration profiles has
been oonpleted at HR (Ref 5). The following is a Uief review ol the study.

At equiliMum, upurards diffusion balarrces dowrnvard settling;

WC = wsC{z)

ws = ACn

where

C(zlis the tirne mean ooncenlration at heigtrt z.
ws is the settlirq veloci$.
A and n ar€ @nstants dedved from Owen tube tests.
WC b lhe upvard flux which can be wdtten in eddy diffusivity form:

516 = -pK(z)dC/dz

where
p is a constant = 1, and K is the eddy ditfusivity.

Assumirq a paftDdb variation of K with depth,
K = kUz(l-zltt)

where
k is the von l(arman's constant (0.4)
h is the water depth

Substituting and solvingthe above equations and usingthe boundaryconditbn
C=Ca at z=a we get;

C(z)/Ca = [1-Sln{a/2.{h-z)/h-a)}1" (5)

whereS=CanR=nACa"/FkU. (6)

The analysis was assessed using the Hanr'rch data. Non{irnensional graphs
are presented in f(lure 16. Ttre profiles were taken at point 2. The lines ploiled
in flgure 16 shows the values calculated using equation 1, symbols show
meazured data. The upper graph indi:ates the fit before adiustment of
instrumeril levels, and the bottom graph after. lt can be seen that the adiu$rnent
of the he()trt level has made little differerrce to the calculated values. The
calculated values compare well with the measured values above a depth of
0.6m, closer to the bed values of the corrcentration are s(lniticantly over
estimated in equation 5. The analysis was used on profiles covedng all
neap/spring tlde data. The value of n was taken to be 2 (eqn 2). This is

(1 )

(21

(3)

(4)

10



consistent with the good profiles shown in Flg 16, and also in agreement with
Orentube measurements (Ref 3).

Instead of using a parabolic variation of K it is possible to use a linear mellrocl.
This technique shows a good correlation of results above 0.6m with an ovet
estimation below this heigirt.

Figure 18 gives a comparison between Oren tlbe results (Ref 2) and the
calculated in situ settling velocities for point 2 for neap and spring conditions. lt
strould be noted that the gradients of the lowertwo plots have been forced as
explairred previously. Afthough this is the case lt is encouraging to see that an
average value passing through the scattered data sets in the lowertwo graphs
coirrcHes with the Oren tube results in the graph above. This suggests that fiP
constant A derived from the Orven Ube tests and the analysis above are in
agreernent.

5. SAP Model

5.1 Introduction

It is possible to measure near bed suspended sediment concentratbn and
velocity, over a long term but in rpst cases cost and tirne limilations prevent
such measurement. The metlro<l used in SAP is to measure spnng and neap
data, between which, values of near bed suspended sedirneril concentration
ard shear stress are intepolated. The calculated values of net sedimern
erosion ordeposilbn for a spring-neap-.spring pedod are then exlrapolated over
a nrmberof such cycles. lt is therefore important that lhe spfing and neap data
are representative.

From the present data set it can be seen thd the suspended sedinpnt
corrcentration is dependent on the tidal range. This is taken into aocount in SAP
by measudng the sr.rspended sediment concentratbn dudng a spdng ard neap
tirJe. Where the zero suspended sediment concentration remains h(;h over a
neap or spring perind, it would be possible to add the zero suspended sediment
concentration onto the mean measured data, or factor the rnean uspended
sediment concerilration. This may be an important technQue for use dutiltg
irrcreased zero suspended sediment concentration during period of high tilal
range, wind activity and Jetsed dredging. The new set of data could be run
through SAP again using the same velocity conditions. This uould be similar to
factoring the amount of rnatedal eloded ordeposited after SAP had been run.

5.1.1 Comparison af long and short tenn data

The data taken over a numberof tides at the Oil Jetty possess similar suspended
sediment proliles to those taken at points 1 and 2 using the becl frare earlier in
the year. During a spnrg perbd two peaks in suspended sedirnent content are
seen, which conelale with peaks in vebcity dudng maxim.lm ebb and floocl
flows. Durirq the neap perkf it appears that the bed shear stress does mt
exceed the critical value for erosion on the ebb, therefore no rraterial is taken
into suspension. On the flood srnall anpunts of material are eroded.

When the raw data has been averaged overthe half tHe period, the peaks at
maximum llow are lost in the analysis. The results below show the calculated
half tkJe average 5m above the bed taken dudng lhe bed lrame campaign at
poinls 1 and 2. The oiljetty data is also presented as a compadson.

1 1



Point 1

spring
neap

Point 2

spnrE
neap

OllJetty

sprirE
neap

EBB
360ppm
290ppm

410ppm
230ppm

150ppm
50 ppm

FLOOD
460ppm
375ppm

360ppm
23Oppm

150ppm
50 ppm

As expected the suspended sediment corrcentration during spdng pedods is
higher than that durirq neap. However the lower suspended sediment
concentratbn values at the Oil Jetty are hard to explain. A reliable relationship
between Formazin turbldity units and susperded sedinrent corrcentratbn forhe
rnonilor at the Oil Jetty and Lightships were not obtained and this ould be a
reasonforthe lowsuspended sedinrentconcentratbncontentatthesepositions.

5. 1 .2 Eeasonal variations

Hphersediment load can be expeciled inthe winterduring pefiods ol high ruroff.
In addition, irrcreased ooastal srell is lkety to cause irrcreased bed shear stress
ard therefore hQher suspended sediment concentrations. Using the long term
data it is evkJent that the summer neap suspended sediment concerilration b
very sim'ilar to that in winter. However, larger peaks dudng the winter sprlng
periods are notbeable during periods of hQh tklal rarqe, wind activity and
Jetsed dredging.

The changes in suspended sediment concentration occur very soon after the
onset of the forcing factor, and therefore, the sources of suspended sediment
are onsirlered to be local in origin. Gonsequently, wind, Jetsed ortidal range
nust atfed changes in be<l levelwithin the harbour area, that is, erosion during
pefods of hQh suspended sedinpnt concentration. This type of behaviour
cannot be modelled effectively by SAP unless both the near bed shear stress
(cause) and suspended sedirent proliles (etfect) are measured during sucft
perbds.

lf short term data had been measured dudng the spring perM 1 3 November 89,
lhen a'more realistic set of h(th suspended sediment @nc€ntrations and
probably higher near bed shear stresses would have been encountered. As we
do not have such data the best e$imate of mass and depth of rnatedal deposited
is a slow continuous btrild up ol material lhroughout the year given by the shott
term data ot the sumrner months. This estimate is probably reasonable as
disturbecl sediment ercded in the winterwould deposit qukldy remaining in the
harbour area.

To run the siltation at a point (SAP) rnodel it is necessary to input values lor near
bed susperded sediment concentrations (spring and neap tkies), becl shear
sitresses (spdng and neap) and the density profile of the bed in the area. Mud
properties (erosion, consoliriation and settling velocity) have been invest'tgated
previously by HR (Ref 2). For a review of the SAP model see appendix 6.
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5.2 Calibration of SAP

Farstly, SAP was run for point 1 usirg the or(;inal parameters describe<l in
sec{ion 4.1 . The rnodel was run for a year, that is, 26 spring-neap-spdng tides.
No acount was taken of enhanced suspended sediment concentration during
winter months. This run showed that velocities and therefore near becl shear
stresses (derived using the smooth lutbulent law) appeared very low.
Consequently, laqe annunts of matedal were deposited (up to 2m pertido) and
very small anpunts were etoded. lt appeared necessary to change the input
parameters somewhat to reduce the de$h of material deposited on the bed to
no fnore lhan 2m per year at poiril 1.

It was thougtrl necessary to irrcrease substantially the rate of corsollddion.
Consolirlation shown by the rurmedr:al tnodel was lorr conpared with that of
consolidation of similar m.rds in a laboratory colrrm. Tlrcrefore, a rwised
relationship based on re-analysed hboratory tests was used to enhance
consolidatbn.

Shear stress data calculated from tog profiles using velocity data in the water
co[rmn and those calculated using lhe snpoth tulbulent law s]nw largte
variations in values espechlly at velocity peaks. Although in general log protlle
results are h{$er than those using the snpoth tulbulent hw, the peaks of both
bg and larr profiles coirrclde (see Frg 17). A shear stress value corparable to
the bg profiles 1my be npre appopdate than the low shear $ress values used
previously. In order to increase the shear stress to the log profile vahrcs, the
smooth turbulent values were nu..lltlplied by two.

Afterthe initialtrail run three npthods were used to calibrate the SAP model d
point 1. Calibration methods and SAP input values are surnmarised ln
Table 4. Methods 1 ard 2 were used to rcdlce th€ thid<ness ol tlp deposited
material. Method 3 also includes seasonalvariatbn etfects.

The vakre of the critioal shear stress of deposition (tJ was 0.05Nm€ ln
method 1. This relatiVety low value ol co decreased the anpuril of depositbn
withort irrcreasirg the rate ol erosion. Bed shear stresses used were calculated
fiom the snpoth turhtlent law.

A hQher value of the critir:al shear stress tor deposition was taken as
0.09Nm€ in rnethocl 2. Greater bed shear stress values (twice that given by the
stnooth turbrlent law) irrcreased the likely hood of erosbn and redrced the
anrountsof deposilion. Thehigheroitknls[ressfordepositbnalbweddeposition
at greater bed shear stresses.

Table 5 shows the parameters used for method 2 at point I . Towads the boilom
of table 5 b an example of the water de$h, velocity, suspended sedimenft
concentratbn and bed shear stress data input into the SAP rpdel.

Method 3 is an attempt to incorporate seasonalvariations, Jetsed operatbn,
hightidalrange,andwindaclivityintothernodelbyfactodrganpendedsedirnenfi
concentration. To simulate the seasonalvariatbns, il was assrned ttpt the
year could be splSt up into two equal periods. These were sununer and winter,
each possessing 13 spring-neapspring tides. Assuming there b a calibration
problem and the measured strort term suspended sedirnent conceffiration is too
large, il is possble to lactorthe susperded sedinent concentration down to a
value onespording to lhat at the OilJetty. In all the follqring cases tlre neap
susperded sedirnentoncentratbns have been reduced by afactorof 2togive
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suspended sedilnent corcentration readings comparable with the long term
data. Three sets of augrnented winter, sfing suspended sedirnent corrcertration
data have been assessed.

f ) Short tenn data reduced by a factorof 2.
2l Equal to the measured short term data.
3) Short term data irrcreased by a factor of 1.5.

The SAP rpdel is very sensilive to the suspended sediment concentration. lf
tte measured values are doubled depositbn lar exceeds that seen in siU al
point 1 and2.

5.3 Verification of SAP

Using the same mud properties at poinfi 2 that were used at point 1, SAP was
re-run using the spnngand-neap suspended sediment concerilratbn and bed
shear stress values at point 2. For the three methods described resulls at point
2 were oornparable with those expected, namely a net deposition of between
0.0 and 0.2m per year.

5.4 Results

Flgures 19 to 22 show the changes in mass and bed thickness for points 1 and
2 (methods 1 and 2) during a spdng-neapspring cycle of 26 tides. Note the initial
settlernent of the bed before acquiring its equilibdum positbn. This be<l
consolldatbn is czused by the low density of the input betl profile close to the
bed surface. The initial settlemerf is less than 0.2m and can be ignored as it
ocorrc only in the lilst spring-neapspring cyde as the bed profile adjusts to its
equilibrium position.

Within engineering bounds the lwo metfrocls gave similar rates of deposition.
Approximately 500kgrn{is deposited d point I with a conesponding irrcrease
in bed depth of 1.2m. Alttpugh the increase in bed depth at point 2 is small
(0.0-0.2m), 160kgm€ of material is deposited, this is onsolidated to a greater
density than at point 1.

Figure 23 illustrates the arnounts of material eroded and deposited over a
spnng-neapspring cycle (second method). The hck of erosbn at position 1 is
due to the low shear stresses which remain below the critical shear stress of
erosion (0.43Nrn1. lt is shown that the average arnount of deposition per tkte
at point 1 is approximately 0.6kgm-2, this is far higherthan at point 2 where the
averag: is less than 0.25kgm'2 per tkle.

When epsion is taken into account at point 2 relatively small arnounts of
matedal remain to consollJate on the becl. The values of erosion and depositbn
are largest on the spring tides where velocilies and corrcentrations are hlghe$.
During the spring tides there is sligtrtly greater erosion than deposition. For the
above reason lhe becl thid<ness in figure 22 decreases until the bed reaches its
equilibrium position. The becl then rernains d a constant level for a rumber of
cydes as erosion and deposition carrcel each other out. As the becl surface
density ard therefore the strength of the bed irrcrease due to consolidation,
erosbn is reduced, deposition dominates and the bed thickness begins to
increase. The cause of the dip at cycles 16 and 1 7 (Figs 20 and 22 respectively)
werecausedbythernodel'sschematicinterpretatbnofthebed. Similardipsare
seen in figures 19, 20 and 21, but they are less noticeable because greater
arnount of material are beirq deposited.



Fig24 shows a sanple plot using outtr t data from SAP for position 2 {spring
tlde). The plot illustrates values of eroded ard deposited matedal over a single
spring tlde. Erosion only occnts as the ebb and flood shear stress reach a
maximum. Deposition peaks once during the ebb, at a poinrt which has high
suspended sediment concentration and low shear stress. The pedods of zeto
deposition or erosion are caused when the becl shear stress is between the
crltical values for depositbn (rd=o.ogNmJ and erosion (r.=0.4.3Nm'.).

After SAP was run for a perind of a year the f inal becl de nsity prof iles were fourd
to be consistenl with in situ profiles lrom the area. There was little change in the
bed profile for poinl 1 because the deposlted material takes the dae of lhe
matedalthat was consolidated. At point 2 the pkture was sligtrtly different, a
slightly denser upper profile was present. This was caused by continrrcus
consolHation, and constant depositbn whicfi keg the bed at a similar level over
the time period.

Comparing methods I ard 2, method 2 seems to be rpre realistic, atldwing both
deposition and erosion. In method 1 the critlcal slear silress for &position has
been set quile low, this gives greaterweightingto the second method.

As a sensitivity test, instead of using the near bed (0.05m) suspended sedimeril
concentrations, zuspended sediment corrcentratioru at l m were used, all other
parameters remaining constant. The arpunt of depositbn was reduced by
about half. This result indbated how critbal the near bed suspended sediment
concentration was. That is, taking a point lm above the bed was cedainly rnt
satisfactory as the suspended sediment concentration reduces onsirJerably
from the bed upwards. lt was possible that the suspended sediment
concerfirqtions at 1m could be faclored up.

Results for npthod 3 are also summarised in Table 4. Little deposition occurs
in the sunrner rnonths (methods 3b and 3e for points 1 and 2 respe€tively). By
factodng the susperded sedinent corrcentration onectly, it was posshb to
reproduce depositions of similar rnagnitudes to that seen in sltu at both points
drdng the winter pedod only (methods 3c and 3f lorpoints 1 and 2 respectively).
Thus, using method 3 it is shown that over a period of. I year 360kgrrt (1.0m)
and 135kgml (0.2m) was deposited from the water oobmn at points 1 and 2
respectively.

In addition to the material settling lrom the water column at point 1 , malerial also
sbmps from the shallow region at the toe of the river bark. This matedal drifts
slowly towads the deeper pa.ts of the harbour. Unfortunately, litt|e is knorn
about the proportion of slumping material to settling material. HHA suggested
that in total 1 -2m ol material is accreted at point 1 per year. The SAP npdel give
results (deposition from water olumn only) that show an irrcrease in becl
thickness towards a value at the bottom of this rarqe. lt is unllkely that the
additional slumping rnaterialwill increase lhe total material accreted to a value
exceeding 2m. Near point 2 no srch slunping occutli, therefore, the results
given in table 4 do not need to be enhanced.
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6- Conclusions

It is diffbult to isolate the three lorcing lactors of tUal range, Jetsed
dredging and wind speed in their aflect on suspended sediment
concentrations.

Changes in bng term suspended sedirnent ooncentration are shown
to be similar atthe two rnonitors under investigation.

An increase in tirJal range causes increases in suspendedsediment
corrcentratbn.

An increase ln the mean (half tHe) wird speed above 30kts appearc
to cause an imrediate lrrcrease in suspended sedinent
concertratbn. This hQh concentldion reduces qultrtly as the wind
speed abates.

tt appeaa thal Jetsed dredging irrcreases suspended sedirnent
concentration. The magnitude of increases in uspended sediment
corrcentration is dependent on the duration of Jetsed dredging,
and the distarrce away lrom the operation.

It was shown that settling vebcities calculated using an analysis of
suspended sediment ooncentration prcfiles compared well with
Orven tube measurements taken in the area previously.

The siltation at a point (SAP) model was calibrated by a nunberof
methods at point 1 and lor eacfr method the npdel was succesdully
vedfied at point 2.

Averagirg the results predicted by SAP using nrettncls 1 and 2,
500kgm€ per year wati deposited at point 1 and 100kgm'2 per year
was deposited at point 2. This indbated irrcreases of bed thlJ<ress of
1.2m and 0.1m respec[ively per annum.

Method 3 strows that it is possible to estimate the effects of
seasonal variatbn by factoring the suspended sediment
concentration.

Seasonal variations could be assessed with a greater degree of
accuracy if representative short term data was available.

It is interesting to rnte that there are mrmercus calibrations that
appear to give similar end results, all of which are valid in their own
respec;ts.
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7. Recommendations

It isfortunatethat dudngthis studyboth longterm and shodterm measurement
have been taken. Unfortunately, the two sets of data have been measured
during different seasonal corditions. Long lerm measuremenls were taken
dudng the winter rnonths, November 89 - May 90. Shod term measuremenls
were laken during the summer months Jufy and Septernber 89. An additional
problem encountered during the conpadson of long and short term data is the
differerrce in the vertical position and bcation ol the suspended sediment
rmnitors.
To acquire the mc,st suitable suspended sediment corrcentralion datato irput
into the SAP rnodel, lt is suggested that the rnonitors be fixed to a stationary
obiect at a heaght of 0.1m above the bed. This could be irnplemented using a
jetty or wharf structure or where such constructbns are nol available a sirple
becl frame rnay be used. Both winter ard srmmer measurcments should be
taken.
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Tables





Harbour area

Position

Parkstone Quay
Trinity
Trinity
Navy Yard
Trinity
Felixstowe Dock ent.
Trinity
Landguard
Oiljetty
Parkstone Quay
Landguard
Tdnity
Landgaurd
Trinity
Shotley Marsh
Mistley
Mistley
Mistley
Landguard
Landguard
Tdnity
Landguard
Landguard
Mistley
Trinity
Landguard
Tdnity
Landguard
Felixstowe
Felixstowe
Felixstowe
Felixstowe
Felixstowe
Felixstowe
Felixstowe

Date

8n1/89
9/11/89
10/1 1/89
10/11/89
11t11t89
11t11t89
1U11t89
1?/11l89
14t11t89
14t11t89
15/11/89
16/1 1/89
17t11t89
18/1 1/89
19/11/89
19/11/89
2U11t89
23t11t89
30/11/89
4t1489
7na89
1U1U89
15t1U89
16t1U89
20t1a89
20t1u89
21t1U89
2?,1U89
13/1/90-15/1/90
31t3t90-1z4t90
20t4t90-2a4p,0
27t4t90
21t6p0-26t6t90
u7t908np0
14t9t90-20t9t90

Hours

11
14
1.5
15
2
3
4.5
5
1 .5
10
6
12
9
1 .5
I
6
6
8.5
4
4
4
9
7
3
6
2
4



Table 2. Shipping
(November 89)

activity at the oil Jetty

Vessel

Nicholas M
Nicholas M
Authenticity
Magic Sky

Black Rock
Flottbeck

Stolt Birchwood 17

3
6
9

On
(GMr)

0833
0738
0130
1948
0926
1357
2307
1345
4214

Draft
(m)

4.8
5.5
5.3
6.6
4.6
4.9
6.5
4.5
5.2

Off Draft
(GMn (m)

1920 3.7
2038 3.2
1628 3.8
14t1315 6.0
14.38
2214

4.0
3.8

1W4745 6.0
224t1008 3.8
1533 4.0

10

1 8
1 8

Benskov Junior 23
Authenticity 25



Table 3, Bed density profile used in SAP

Dry
Densfty
(Kgm")

160
28
288
328
368
408
48
488

Layer
thickness

(m)

0.2
0.2
0.2
4.2
0.2
0.2
0.2
0.2

Depth
from

surface
(m)

0
0.2
0.4
0.6
0.8
1

1 .2
1.4

Layer 1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6
LayerT
Layer 8
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Table 5. Input conditions for SAP model (point t)

Settlin g velocity = WSCON 1 *concentratlonwsco.rz

Length of tidalcycle (minutes)
Time step (minutes)

wscoNl
wscoN2

Density ol new deposits (kgm-,)
Crit. shear stress for deposition (Nm-2)

DCON2

Erosion constanl (kgMisz)
Crit. shear strbss for erosion (Nm")

PERM1CONST
PERM2CONST

720
30

Shear stressr for eroslon = DCONl*denslty$m
0.0005 DcoNl

0.00200
2.O

125.0
0.09

1 .4

0.00070
0.r|i}

-3.500
-0.010

-15.0
-0.150
0.00110

Permeabllity = PERM1 CONST + PERM2CONST.denstty

Effective stress = ESICoNST + ES2CONSTT density
+ E3CONST x denslty2

ESlCONST
E52CONST
ES3CONST

Inprt for Spring and neap tides:
Time Tidesp Tidenp Cbedsp Cbedn ShearS ShearN
(mins) (m CD) (m CD) (kgm") (kgm") (Nm-.) (Nm")
0.0 14.0 14.0 0.204 0.375 0.036 0.072
30.0 13.7 14.0 0.134 0.286 0.151 A.O72
60.0 14.5 13.5 0.415 0.725 0.520 0.188
90.0 14.0 13.7 0.855 0.725 0.352 0.175
120.0 14.0 13.3 0.317 0.286 0.056 0.056
150.0 12.3 12.8 0.317 0.286 0.056 0.080
180.0 12.0 12.3 0.261 0.375 0.089 0.020
210.0 12.0 12.0 0.289 0.114 0.049 0.002
240.0 11.5 11.8 0.289 0.114 0.002 0.002
270.0 10.7 11.6 0.261 0.114 0.012 0.003
300.0 10.5 ',t1.4 0.4A 0.114 0.020 0.009
330.0 10.8 11.2 0.204 0.286 0.009 0.012
360.0 9.9 11.0 0.148 0.286 0.006 0.016
390.0 1 1.5 1 1 .3 0.486 0.286 0.108 0.036
420.0 11.2 11.6 0.826 0.199 0.129 0.025
450.0 12.1 11.5 0.554 0.286 0.080 0.056
480 12.4 12.2 0.289 0.375 0.089 0:064
510 12.6 12 0.571 0.199 0.175 0.049
540 12.8 12 0.401 0.199 0.118 0.14
570 13.1 13 0.514 0.286 0.201 0.163
600 13.5 13.5 0.969 0.286 0.108 0.369
630 13.7 13.2 0.401 0.4& 0.072 0.129
660 14 13.5 0.289 1.08 0.025 0.201
690 14 13.7 0.232 0.553 0.036 0.14
720 14 14 0.204 0.375 0.036 0.A72
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Lightship 2, November
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Lightship 2, November (Ebb)
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Oil jetty, November (Ebb)

4^ 't2^5 7.F,

E

c
o

o

c
o

c
o

c
o

.E
o
d

!
o

o

o
l
a

r
o
o

o
N

+ 5 6 7 E

+ Meon o Mox

9  1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 1  2 2 2 3  2 4  2 5  2 6  2 7  2 A  2 9  3 0
Time (Doys)

E Zero

E
o-

c
o

o

c
o

c
o

c
o
c=
o
a

. o
o
c
o
q
l
a

E
o
0

o
N

4 5 6 7 4

+ Meon o Mox

9  1 0  1 1  1 2  1 3  1 4 1 5  1 6 1 7  1 8  1 9 2 1  2 2 2 3 2 4 2 5 2 6 2 7 2 a 2 9 3 0
I rme (uoys,,

E Zero

4^ 1265 \7.F,

Fiq 2c Suspended sediment concentrat ion,
oi l  jet ty,  November 1989.



Ughtship 1O, December
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Lightship 1O. December (Ebb)
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Oil jetty, December (Ebb)

r
o

c
o

o
L

c
o

c
o

c
o

!
I,
o
o

o

c
o
o
o
l
o

E  9  1 0 ' t 1  1 2  1 3  1 4  1 5  1 6 1 7 1 8  1 9  2 0 2 1  2 2 2 3 2 4 2 5 2 6 2 A 2 9 3 0 3 1
Time (Doys)

+ Meon o Mox o Tero

E
o
o

c
o

c{,
c
o

c
o

.g
o

- o.|'
c
o
o-
o

U)

100

c
o

o

2oo ff

4 5 6 7 8

+ Meon o Mox

9 1 0  1 ' 1  1 2 ' t 3 ' 1 4 1 5  1 6 1 7  l a 1 9 2 0 2 1  2 2 2 3 2 4 2 5 2 6 2 A 2 9 3 A 3 ' l
i lme (uoys,l

o Zero

Oil jetty, December (FlooA)

7gt 1

a 4- a ao-a

N;.

Fig 3c Suspended sediment concentrat ion,
Oi l  jet ty,  December 1 989.



Lightship 1 O, Jonuory/Februory
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Lightship'lO, Jonuory/FeOruory (Ebb)
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Oif jetty, Jonuory/Februory (Ebb)
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Hof brook Beocon, Februory /Morch
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Hofbrook Beocon, Februory/Morch (Ebb)
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Oif jetty, Februory/Morch (Ebb)
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Oif jetty, Moy/June
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Holbrook Beocon, Moylune (Ebb)

o
o

c
.9

c(,
c
o

o

.E
o
o
q

o

c
o
q
l
a

C
o-
o

o
o
N

6  7  9  1011  12  13  14  t 5  16  17  t 8  192021  222324252627  2A29303 ' l
Time (Doys)

+ Meon o Mox a Zero

E
o

c
.9
o

c
o

c
o

c
o
C

;
o
@

1l
, o

c
o

o
f

U)

d

o
0

N

5  6  7  9 1 0 1 1 1 2  1 3  1 4 1 5  1 6 ' t 7  1 A 1 9 2 U . 2 1  2 2 2 3 2 4 2 5 2 6 2 7 2 A 2 9 3 0 J 1  1
lime (Doys)

M e o n o M o x o Z e r o

Holbrook Beocon, Moylune (Flood)

A
/ \

J b

Fig 6b Suspended sediment concentrat ion,
Holbrook Beccon, Mcy/June 1990.



oil jetty, uoy/.tune (Ebb)

f
o-
o

c
.9
o

c
o

c
o

c
o

!
!
o
q

o
!
c
o

o
J
a

c
o
o

o
N

5  6  7  9  1 0 1 1  ' , t z  1 3 1 4 1 5 1 6  1 7 1 a 1 9 2 0 2 1  2 2 2 3 2 4 2 5 2 6 2 7 2 A 2 9  3 0 J 1  1
ltme (Doys)

+ Mecn o Mox o Zero

a
o

c
-9

o

c
o

c
o
t
!
o

o
ct

0
o

l
UI

t
o
o

0
N

+ Mecn

9 1 0  1 1 1 2 ' t 3 1 4  1 5 r 6 1 7 1 8 1 9 2 0 2 1  2 2 2 3 2 4 2 5 2 6 2 7 2 4 2 9  3 0 J l  1
Time (Doys)

o Mox E Zero

Oil jetty, Moylune (Flood)

Sus
ut l

nended sed imentu v v r l

jet ty ,  Voy /  June 1
c onentrct ion
990.

f ig 6c



December 1989

o
g

o
o o  o

o o
o o

o o o
o  o o o o
g o E o  o

o o o
E  O  O .

o 9  0 g o
o  o o o

g  o  o o
g q o o

o o  g o B o o
o  o o o o

o o g o
o  o o o

g o o o o o
o o o o o

o o o
o o o o o o

g o o o o o
o o o o o o

.  0 6 0 0 0
o o o o o  o

g  o o o o o
o  t r o o o o
o o o o E o
o E o o o

o o o o o
o o o o

o o o ! o
o 0 0
o o o
o o

o o

J

1)
o
o
o
6

lt
.5]
a
f
o

i

I

I

o

o
1t
.;

o
J

i
o

50

40

30

20

1 0

40

30

1 0

o

40301 0o 20
Meon wind speed (kts)

20
Meon wind speed (kts)

50

30

Morch 199O

o o

o

o o g s
o o o o

g
o o o o o o
o o o o o

o o o o o
o o o o

o o o o o
g o o o o s

o o o o o o
o o o o o o o
o o o g 0

o o o o 6 0
o o o o o o

g o o o o g
E O O O

o o o o o o
o o o E o

E O O O
E ) O O O O
o o o E

o o o o o
O O E E

o o o o o
o o o o o

o o o o o
o o o o
o o o
o o

Meon wind speed versus mcx. gust speed.Fiq 7



November '1989

November 1989

oyt

o 600
a

d
c

3 soo
c
o

E
11 4OO
o
o

o

c 300o
o.
o
f
o

5 2oo
o

100

I
o 600o.

a;
c

3 soo
c
o

t
! 4OO
o

!
o
!
c JOOa

f

a

5 2oo
o

100

f ig Bo Ship movement cnd suspended sediment
concentrct ion.  November ' i  989.



November '1989

o 600o

d

3 soo

o
c

6 4oo
o

!
o
o

o
o
f,

3 2oo
o

100

c
a 600

;
c

3 soo
c
o

i 4oo
O
a

o
t
c Jooo
o

l

5 2oo
o

100

Fig Bb Ship movement ond suspended sediment
c onc entrat ion,  November 1 gBg.



E

0
!

o
o

o

o-
q)

o

n

- t t  /

-0.4

-0.6

-0.8

- l

-  1 . 1

-  t . . t

-  l . o

_ L

f  xc m ples of
tc ken bef ore

insi tu bed densi ty prof i les
r r n \ /  .  l o t q a r l  ^ n p r r ' r t i n n cv r t /  v v L J v v  v Y v r v l r v r r v '

Fig 9



0

-0.2

-0.4

-0.6

-0.8

- l

-1 .2

-1.4

-  t . o

-  t . ( ]

a_ L

o SAP input

+ 6 After jet sed operotion

E
!
O

o

o

o
n

c
o
o

o

1 . )

(Thousonds)
Bulk density (kqm-r;

1 . 4

Fig 10 Typiccl  bed prof i le of ter  the Jetsed
operot ion compared with SAP input dctc.



2'l-5O Jonuory (neop-spring)

180

t
o
o

c
.9
o

c
o

c
o

c
o
c
n
o
o

D
0
o
c
o
o

U)

160

140

120

100

2.5
r rdor  ron9e \m, l

o Ebb + Flood

31 Jonuory- 5 Februory (spring-neop)

180

E
o-
o

c
.9

t
o

c
0

.E
o
o

o(,
c
0

l
a

1 6 0

140

120

100

z . J
T ido l  ronge (m)

o Ebb + Flood

f ig 11 Suspended sediment concentrct ion versus
t idcl  rcnge, Lightship 10.



SPRING

E
c

I
l
o

0

o]
o
!

0
o

I
q

j  n R
o  " ' -

n
I

E
g}
I

Y

o
;
o
U)

o
o.o 150 300 450

Time ofter high woter (minutes)
600

v Tide curveo Neor  bed conc . + Averoge velocity

I

E
0  " " E

c
c
l
o

1 1 "
0
o

1 0 b
t

0

o

c
o
.<

c
o

d
o
a

150 300 450
Time ofter high woter (minutes)

600

v Tide curve+ Averoge velocity

NEAP

Fig 12 Spr ing ond neap condi t ions of  point  1



SPRING

I

c

o o.8 F

f

:
o

. , .
I J

!

O
6

1 2

n
I
c
o

Y

c
o
o

d
o
o

o
o.o 150 300 450

Time ofter high woter (minutes)
Averoge velocity

600

v Tide curveo Neor  bed conc .

I
q

c

a

1 t  C

c
f

o

0

o
. -  '
I J

o
!

o
o
o

1 t

I

o
Y

d
0)
v)

o
o.o 150 300 450

Time ofter high woter (minutes)
+ Averoge velocity

600

q Tide c urveo Neor  bed conc .

Fig 13 Spr ing and neap condi t ions of  point  2.



HHA position 1

D

g'
J

c
o

o

c
o

c
o

,;.
!,
o
o
o

0

n

o

c
o

o

o

c
o

o
q

o
o
o
o

4 .2
Averoge velocity (ms-l;

spring tide

o.2
Averoge velocity (ms-1 ;

HHA position 2 neop tide

Fic 14o Ebb ond f lood veloci t ies vs concentrct ion.



Spring tide

n

r
ol

c
.9
o

c
o
o
c
o
u

oi
a
o
o
o
o

-o.2 0.2
Averoge ve loc i ty  (ms-1 ;

HHA position 2 neop tide

D

o
I

c
.9

o

c
o

6
6
o
o
o
0

Averoge velocity (ms

HFIA position 2

Fig 1+6 Ebb and f lood veloci t ies vs concentrct ion.



HFIA Position 2 26/7/A9 O8:38

a
C

!
o
o

ct

o

c
.9'
o
r

o
o

J

3

2

o

-2

-5

-4

-5

0.06 o.oa

Velocity (ms- t ;

Hl-!A Position 2 19/9,/89 15 .O4

E
n
0

!

0

I

.9
0
t

o

J

2

1

o

- z

-5

-4

- 5

Velocity (ms- t ;

Fig 15 Excmples of  typiccl  necr bed veloci ty
prof i les at  posi t ion 2.



HHA Position Z 19/9/A9 14121

o
O

N

c

,
o

c
o

c
o

o

F
o
o
IT

1 . 9

1 . 8

1 . 7

1 - 6

t . c

1 . 4

1 . 3

1 . 2

1

o .9

o.a

o.7

u . o

o.5

Q . 4

o.J

()
N

o
o

c
o

c

o

o
u.

3 . 2

3

2 . 6

2 . 6

2 .2

1 . 8

t - o

1 . 4

1 )

1

o.a

o .6

o .4

o .2
- 1  1

In(o(h-z),/z(h-o))

HHA Position 2 19/9/89 14:21

Fic 16c Non d imensioncl  concentrat ion prof i les.



o
o
N
o
c
o

o

c
o

c
o

o.z
o
o
TL

HHA Position 2 19/9/A9 15.O8

In(o(h-z)/z(h-o))

o
o
N
o
c
o

o

c
o

c
o

o

F
o
O

HHA Position 2 19/9/89 15.04

Fig 16b Non dimensioncl concentrat ion prof i les.



n o q

c\
I
c
z.

a

@

o
o

s
a

n  1 5
v . , v T

o
co

C.l
I

z.

a
a

a

6
q)

!

6

400
Time ofter high woter (minutes)

Fig 17 Shecr stress volues calc ulcted using
three di f f  erent methods (point  2) .



wso (R.3ults lrom o.t€^ tubo ondlysit)

1 0 0 1000
Suspend€d 3ediment co^c. (mgl-r)

HU 19 Seotemb€r 1989
r o

I
o
t
t

:
.9
o

o
c

o
n

o . 1

1 0 0 1 000
S u s p e a d € d  s e d i m e n t  c o n c .  ( m g l - r )

HM 26 July 1989
1 0

I

c

u

i

o
!

c
D

1 000
S u s p e n d € d  s € d i m c n t  c o n c .  ( m g t - r )

4
.,s

- =

-7./

7/ v: 7.

z ,4 .{

I

,/
2

__v,

z 7

Fig 1B Sett l ing veloci t ies;  Owen tube cnclysis ond
vclues cclculcted from conc. prof i les.



N

I
E
o'
J

o
o
5

.!
a
a

E

o
F

' l o  1 2  1 4
Cycle number

o

.9
r

]J
o
m

J - l

J

z . o

2.2

1 . 8

t - o

1 . 4

1 0  1 2  1 4
Cycle number

t o 1 A 22 24

Fig 19 Chonge in mcss and bed depth at  point  1
(  method 1 ) .



N
I
E
o
J

lt(,
!

.q
a
o
o

o
o

1 0  1 2  1 4
Cyc le  number

t o t 6

0
c
I
.v
E

!
o
o

J . Z

2 .4

z . o

2.4

2 .2

2

' 1 .8

1 . 6

'1.4

1 0  1 2  1 4
Cycle number

1 6 1 6 22

Fig 20 Chcnge in mcss ond bed depth at  point  2
(method 1 ) .



N

E
o

E
0
o

.!
@
q

o
c

6
o

1 0  1 2  1 4
Cyc le number

c

a

o

.9
s

O
(D

J . Z

z ,o

2 . 6

2 .4

2.2

2

t . o

t . o

'1.4

1 0  1 2  ' 1 4

Tide cycle
t o

' t8 24

Fig 21 Chcnge in moss and bed depth at  point  1
(method 2).



N
t-
t
o
J

o
.o

.!
a
o
o
E
o
o
F

l o  1 2  1 4
Cycle number

c

a
a
0
c

.!
c

D
o
o

3 .2

3

2.4

2 .4

2.2

2

1 . 8

t - o

1 . 4

1 0  ' 1 2  1 4
Cycle number

t o l 8 22

Fig 22 Chonge in mcss ond bed depth at  point  2
(method 2).



I-
o

J

!
o=
a
o
o-
o
o

D
o
rJ
o
o
O

a

o 1 2 3 4 5 6 7 A

V-7 Moss eroded

9  1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  2 1  2 2  2 3  2 4  2 5  2 6  2 7  2 A

Tide number

N
I

c
o
I

0
!

o
o
0
!

o

o

o

o.5

o .4

n a

o.2

o . 1

o

-o .1

-o.2

-o.3

-o.4

-o.5

o 1 2 3 4 5 6 7 8

V--4 Moss eroded

9 1 0  1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9 2 0 2 1  2 2 2 3 2 4 2 5 2 6 2 7 2 4

'I"]de 
number

t\\ Mcss deposited

Mcss eroded and deposi ted
2 over o s ingle spr ing-neop

at poinis l  cnd
-spr ing per iod.

r ig 23



N
n 2  |

c
z.

A Ou :

a
!

- u . L
!
o
cc)

C\
I

o'l
I

o
' 6

o
o-
q)

o

o
o
o
@

Moss eroded
over c s ingle

4 5 6 7 8
Time ofter high woter (hours)

ond deposited ot
spring t ide.

Fiq 24 point 2





Appendices





Appendix 1 Suspended sediment data obtained
from monitor 1 (ebb)

Data obtained from lightship 2

Max Mean
(ppm) (ppm)

Perfod Tp,to
(mlns) (ppm)

Tlme
BST

Date Range
(m)

2 11 89 3.0
311  89  3 .0
311  89  2 .8
411  89  2 .8
411 89 2.5
511  89  2 .6
511  89  2 .3
611  89  2 .4
6 11 89 2.1
711  89  2 .3
711  89  2 .0
811  89  2 .4
811  89  2 .2
911  89  2 .7
911  89  2 .6
10  1189  3 .1
10  1189  2 .9
11  1189  3 .4
11 11 89 3.3
12 11 89 3.7
131189  3 .5
131189  3 .8
1411  89  3 .6
141189  3 .9
1511  89  3 .7
151189  3 .8
1611  89  3 .6
161189  3 .5
171189  3 .4
171189  3 .1
18 11 89 3.2
18 11 89 2.7
19  1189  3 .0
19 11 89 2.4
20 11 89 2.7
20 11 89 2.2
21 11 89 2.5
21  1189  2 .0
2211 89 2.5
2211 89 2.0
2311 89 2.6
2311 89 2.2
24 11 89 2.7
24 11 89 2.4
2511 89 2.9
25 11 89 2.7
26 11 89 3.0

1434
245
1508
319
1il7
357
1632
415
1728
544
1839
657
1957
813
2112
923
2218
1028
2316
1  126
6
1219
53
1307
136
1353
219
14r',0
301
1526
344
1614
429
1707
520
1806
619
1914
728
2023
838
2127
940
2219
1032
2303
1117

3!19
345
337
346
335
352
338
360
346
378
358
391
360
387
352
379
342
367
336
358
334
353
334
349
338
348
34f
a4
348
3{f
356
34il
365
341
374
341
381
340
384
344
379
346
370
345
360
345
353

95
133
126
90
106
60
91
66
93
75
56
66
165
78
124
158
183
197
310
347
287
303
247
28
245
266
237
208
158
213
1il
187
131
172
131
102
u
73
41
46
35
a
41
98
41
59
142

43
45
45
4il
3it
n
35
28
30
3il
30
4il
80
34
68
58
97
93
156
126
140
1U
109
101
107
115
74
79
g
88
51
65
58
52
41
30
18
14
10
8
I
5
I
28
10
16
26

8
11
11
20
12
12
12
12
12
12
16
12
34
14
34
14
22
14
20
26
19
17
15
18
18
18
15
25
27
I
14
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12



Data obtained frcm lQhtship 10

23/.1
1157
18
1234
50
1310
124

1816
629
1924
736
2034
w7
2143
956
2248
1 103
2344
1202
34
1254
121
1343
204
14t0
247
1513
329
1558
410
1643
452
1730
537
1819
629
1917
729
2420
838
2123
946
2219
1043
2307
1131
2351
1215
30

26 11 89
27 11 89
28 11 89
28 11 89
29 11 89
29 11 89
30 11 89

2.9
3.0
3.0
3.1
3.1
3.0
3.1

612 89 2.3
71289 2.8
71289 2.3
8 12 89 2.9
8 12 89 2.4
I 12 89 3.0
9 12 89 2.7
10 12 89 3.2
10 12 89 3.0
11 12 89 3.4
11 12 89 3.3
121289 3.5
13 12 89 3.4
13 12 89 3.6
141289 3.5
141289 3.5
15 12 89 3.6
15 12 89 3.4
16 12 89 3.6
1612  89  3 .2
171289 3.4
171289 2.9
18 12 89 3.3
18 12 89 2.7
19 12 89 3.1
19 12 89 2.4
201289 2.8
20 12 89 2.2
211289 2.6
21 12 89 1.9
221289 2.4
221289 1.9
23 12 89 2.3
231289 2.1
241289 2.4
241289 2.3
251289 2.5
251289 2.5
261289 2.6
26 12 89 2.8
271289 2.7
281289 2.9

28
30
29
38
19
42
36

345
345
341
341
34{t
337
34

7
6
6
9
4
I
I
9

Perlod
(mlns)

345
380
350
384
350
381
346
372
340
361
340
353
344
349
346
344
351
340
354
339
357
3i|6
361
334
365
333
370
335
374
339
377
346
371
350
361
353
353
353
348
351
342
350

12
12
12
12
12
12
12

Zerc
(ppm)

10
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
16
12
12
12
12
12
I
14
15

12
12
12
12
12
12
12
12

107
98
102
126
T7
122
1n

2
1
1
1
18
1
14
1
29
13
14
33
92
M
4A
I
u
75
51
94
I
87
32
32
17
25
25
41
41
34

Mean
(ppm)

Max
(ppm)

Tlme Date Range
BST (ml

2
1
1
1
3
1
2
1
4
2
2
I
19
9
7
11
14
19
I
2A
16
35
9
13
3
4
3
20
20
10

13
26
13
29
13
26
37
37



1254
108
1334
146
1413
224
1452

302
1532
340
1615
422
1700
507
1752
601
110
1335
153
1417
238
1458
309
1536
346
1612
421
1649
456
1727
535
1809
623
1903
728
2013
852
2129
101  1
2235
1110
2328
1158
13
1240
54
1321
135
1400
213
1440
251

281289 2.8
n 1289 3.1
29 12 89 2.9
30 12 89 3.2
30 12 89 3.0
31 12 89 3.2
31 12 89 3.1

1190  3 .3
1190  3 .1
2190  3 .3
2190  2 .9
3  190  3 .2
3  190  2 .7
4  190  3 .2
4  190  2 .5
5  190  3 .0
12  190  3 .5
12  190  3 .4
13  190  3 .7
13  190  3 .4
14  190  3 .7
14  190  3 .3
15  190  3 .7
15 1 90 3.1
16  190  3 .5
16  190  2 .9
17  190  3 .4
17  190  2 .7
18  190  3 .0
18  190  2 .4
19  190  2 .8
19  190  2 .0
20 190 2.4
20 1 90 1.8
21  190  2 .0
21  190  1 .7
22 190 1.9
22 190 1.9
23 190 2.0
23 190 2.2
24 190 2.3
24 190 2.6
25  190  2 .6
26 190 2.8
26 190 2.8
27 190 3.1
27 190 3.1
28 1 90 3.5
28 190 3.3
29 1 90 3.6
29 190 3.4
30 1 90 3.7

338
350
334
350
332
352
3'32

Perlod
(m|ns)

355
33t3
359
332
362
3{}4
365
335
370
351
340
352
336
353
333
356
3ril3
357
332
358
330
361
3[f3
366
342
373
354
377
363
367
365
356
3S
349
359
34if
355
339
353
335
350
332
351
330
351

12
12
12
12
12
12
12

12
12
12
12
20
16
24
20
50
62
52
38
42
51
51
42
51
I

13
12
20
10
21
I
18

40
50
74
47
85
,13
90

Max Mean
(ppm) (ppm)

66 13
62 17
50 13
53 16
268
47 15
336
53 12
21 2
42 18
59 21
5420
74 25
32 10
60 19
52 16
72 26
67 20
53 22
35 10
up12
(' 20
38 12
236
22 10
12  1
124
12  1
236
126
81
26 16
11  6
22 13
227
82 38
45 14
51 25
65 30
944 r ' .
72 36
155 64
119  I
95 40
13ri| 40

ZeJo
(ppm)

12
12
12
12
12
12
12
12
12
10
22
23
22
23
23
23
31
30
25
26
20
12
14
12
16
12
12

Tlme Date Range
BST (m)



60
39
46
24
n
28
28
12
21
11
8
7
5

Zero Max Mean
(ppm) (ppm) (ppm)

84a20
11  2A  7
14 60 17
12103
12161

Perlod
(mlns)

Tlme Date
BST

Data obtained from Holbrook Beacon

Range
(m)

1519
327
1558
405
1641
w
1727
537
1822
639
1931
757
2051

1539
u7
1610
418
letl
452
1716
53til
1759
626
1900
749
2028
936
2158
1M5
2302
1135
2351
1219
sf
1301
114
1341
153
1420
231
1459
308
1539
u7
1619
48
1703
520
1757

329
353
329
356
329
357
3it0
36(l
337
372
353
383
363

333
355
333
3il
333
356
337
361
349
376
377
381
386
360
372
350
361
344
3il
339
353
335
350
3lil1
349
329
349
328
350
329
352
331
353
3[]6
356
345

,t3
38
35
46
58
51
6
38
37
35
37
27
24

167
90
134
70
67
110
94
N
59
20
38
11
11

30 190 3.4
31  190  3 .7
31  190  3 .2
1 290 3.6
1 290 3.0
2 290 3.4
2 290 2.8
3  290  3 .1
3 290 2.4
4 294 2.7
4 294 2.2
5 290 2.4
5 290 2.2

14 2 90 3.1
15 2 90 3.4
15 290 2.9
16 2 90 3.1
16 2 90 2.6
17 290 2.7
17 290 2.3
18 2 90 2.3
18 2 90 1.9
19 2 90 1.8
19  290  

'  
1 .6

20 294 1.5
20 290 1.6
21 290 1.7
21 290 2.0
22 290 2.2
22 290 2.5
23 290 2.5
23 2 90 3.0
24 290 3.0
25 290 3.4
25 290 3.3
26 2 90 3.7
26 2 90 3.6
27 290 4.0
27 290 3.7
28 290 4.1
28 290 3.6
1 390 4.0
1 390 3.5
2 390 3.8
2 390 3.2
3 390 3.4
3 390 2.8
4 390 3.0
4 390 2.4

I3812

12 38 10
12 22 10
1894?9
33 289 90
113 212 112
91 134 50
145 182 109
94 148 86
82 245 103
112 116 I
67 111 60
41 90 37
26 87 34
15 35 12
12285
12198
12104



623
1905
750
2034
930
2203
104it
2306
1137
2354
1222
36

Tlme
BST

1300
112
1823
719
1938
837
2055
944
2200
1038
2252
1123
2335
1201
13
1234
49
1307
122
1336
155
1406
227
14i]5
301
1508
337
1544
419
1628
509
1720
609
1823
719
1935
838
2045
942
2153

369
367
377
378
367
371
356
3At
u7
358
339
353

334
351
381
349
385
350
378
349
368
344
360
341
353
340
349
342
34
34il
u2
345
339
u7
339
351
3i!7
353
338
358
339
3Al
344
375
355
388
362
388
357
381
u7
371

12
12
12
12
12
12
32
25
34
31

1 4
20
10
11
15
21
8
36
29
47
15
32
10
1
il
86

5 390 2.4
5 390 2.2
6  390  2 .1
6 390 2.3
7 390 2.2
7 390 2.6
8 390 2.6
I390  3 .1
9 390 2.9
9 390 3.4
10 3 90 3.1
11 3 90 3.6

5
3
4
2
1
2
3
13
13
7
15
10

10
19
10
10
10
10
10
30
24
17
22
25

12
12

Range Perlod Tsro
(m) (mlns) (ppm)

lilax Mean
(ppm) (ppm)

313 68
3A7 50
66
19  15
15  14
23 13
287 32
25 15
36 18
621 145
653 340
636 279
384 78
667 299
69 32
*2 298
640 132
210 60
420 88
588 rc
667 214
618 249
152 75
399 66
406 50
2il 109
515 1?8
399 75
110  90
18 109
568 345
411 230
560 312
294 137
278 155
347 69
ilo 299
168 52

28
75
82
9
1
50
59
69
TI
8
85
70
23
25
100
11
76
I
80
95
69
106

11 3 90 3.4
12 3 90 3.8
2 590 2.7
3 590 2.2
3 590 2.7
4 590 2.2
4 590 2.8
5 590 2.5
5 590 3.0
6 590 2.7
6  590  3 .1
7 590 3.0
7 590 3.2
I590  3 .1
9 590 3.2
9 590 3.2
10 5 90 3.2
10 5 90 3.3
11 5 90 3.1
11 5 90 3.2
12 5 90 3.1
12 5 90 3.1
13 590 2.9
13 5 90 3.1
14 5 90 2.8
14 5 90 2.9
15 5 90 2.6
15 5 90 2.8
16 5 90 2.4
16 5 90 2.7
17 5 90 2.2
17 5 90 2.5
18 5 90 2.1
18 590 2.5
19 5 90 2.2
19 5 90 2.7
20 5 90 2.4
20 5 90 2.9
21 5 90 2.8
21 5 90 3.3



1042
2255
1137
2352
1227
M
1314
1U
1359
221
1444
308
1527
357

Tlme
BST

1612
48
1702
ilz
1755
64Sl
1856
78

342
362
339
355
339
350
u2
u7
w
345
349
34
356
342

Perlod
(mlns)

22 590 3.1
22 590 3.5
23 5 90 3.4
23 5 90 3.7
24 5 90 3.6
25 5 90 3.8
25 5 90 3.7
26 5 90 3.8
26 5 90 3.8
27 590 3.6
27 5 90 3.7
28 5 90 3.5
28 5 90 3.6
29 5 90 3.1

29 5 90 3.4
30 5 90 2.9
30 5 90 3.2
31 5 90 2.5
31 5 90 3.1
1 690 2.4
1 690 2.9
2 690 2.2

130 538 301

6&t 378

Max
(ppm)

Date Range
(m)

7erc
(ppm)

203

284

Mean
(ppm)

253

236

363
341
368
341
376
340
379
34|

371



Appendix 2 Suspended sediment data obtained
ticim monitor 1 (tlobd)

Data obtained ftom lightship 2

ZeJo Max llean
(ppm) (ppm)

Tlme
BST

2013
830
2045
905
2122
949
2210
1045
2314
1202
37
1328
157
1440
304
1542
400
1635
452
1724
540
1812
627
1856
714
1941
802
2424
2109
940
2157
1034
2248
1134
2347
1240
54
1352
207
1457
313
1550
404
1632
48
1710
526

Perlod
(ppm)

392
398
394
442
395
403
395
403
390
397
380
389
376
392
379
396
388
401
394
402
399
401
400
400
399
398
398
397
395
394
392
393
392
392
392
394
394
391
391
390
387
389
388
391
389
391
391

179
150
92
123
66
57
21
€
66
122
95
241
78
18
78
205
16
3{}9
236
266
222
196
194
187
178
1Tl
2N
'|-87

145
311
102
233
81
134
23
51
23
a

23

46

Date Range
(mlns)

2 11 89 3.0
311  89  2 .9
311  89  2 .8
411  89  2 .7
411  89  2 .4
511  89  2 .6
511  89  2 .2
611  89  2 .4
611  89  2 .0
7 11 89 2.3
811  89  2 .0
811  89  2 .5
911  89  2 .2
I 11 89 2.9
1011  89  2 .6
101189  3 .3
11  11  89  2 .9
11 11 89 3.6
12  1189  3 .3
12  1189  3 .8
131189  3 .5
131189  3 .8
1411  89  3 .7
14 11 89 3.8
15 11 89 3.9
15  1189  3 .5
161189  3 .8
1611  89  3 .2
1711  89  2 .8
181189  3 .3
181189  2 .5
1911  89  3 .0
1911  89  2 .2
20 11 89 2.8
20 11 89 2.0
21  1189  2 .6
221189 1.9
2211 89 2.5
23  1189  2 .0
23 11 89 2.7
2411 89 2.2
2411 89 2.8
2511 89 2.5
2511 89 2.9
2611 89 2.8
26 11 89 3.0
27 1189 2.9

10
11
11
14
12
12
12
12
12
12
13
28
19
17
19
17
19
12
55
21
27
22
17
18
18
22
13
Sril
18
12
12
12
12
12
12
12
12
12

12

12

12
12
12
12

73
74
4
52
a
26
7
28
(f
50
40
112
36
60
40
112
85
1il
116
119
82
83
75
70
72
78
82
95
74
121
57
101
37
53
6
21
4
5

10

13
3
1 1
9

60
23
56
51



Data obtained from ligtrtship 10

Range
(mlns)

13
19
16
25
23

Mean

13
1
4
1
9
1
4
1
7
5
6
9
a
21
18
27
35
46
35
60
44
60
28
46
25
27
11
25
4
4
29

60
56
81
80
TI

Max
(ppml

32
1
14
1
3i|
1
26
1
26
47
26
26
81
61
58
89
89
105
94
155
100
116
65
118
75
75
25
58
102
12
83

396
395
395
397
397

Tlme Date
BST

1742
559
1815
63if
18/-7

1138
1
1249
114
1400
224
1508
329
1608
428
1744
524
1755
618
1843
707
1927
755
2010
841
2052
926
2134
101 1
2217
1057
2303
2354
1243
56
1346
206
14/,9
313
1il7
412
1636
500
1719
542
1757
620
18d12
658
1908

Perlod
(ppm)

398
388
395
382
394
38tit
395
w7
400
395
400
398
399
396
398
396
397
395
397
392
397
392
396
392
395
393
394
395
394
393
394
392
394
393
392
391
391
391
392
393
393
394
396
396
398

12
12
12
12
12

Zerc
(ppm)

I
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
24
13
12
12
12
12
19
21
13
12

12
12
12
12
12
12
12
12
12
12
12
12
12

43
26
47
66
37
47
21
60
53
91
85
18
91

27 1189 3.1
28 11 89 3.0
28  1189  3 .1
29 11 89 3.1
29 11 89 3.0

612 89 2.8
71289 2.3
71289 2.8
8 12 89 2.3
8 12 89 2.9
9 12 89 2.5
9 12 89 3.0
10 12 89 2.8
10 12 89 3.3
11 12 89 3.1
11 12 89 3.4
121289 3.4
121289 3.4
13 12 89 3.6
13 12 89 3.4
141289 3.7
14 12 89 3.3
15 12 89 3.8
15 12 89 3.2
161289  '  3 . 7
16 12 89 3.0
171289 3.4
171289 2.8
18 12 89 3.3
18 12 89 2.6
19 12 89 3.0
19 12 89 2.4
20 12 89 2.2
21 1289 2.4
221289 2.0
221289 2.3
231289 1.9
231289 2.4
241289 2.1
241289 2.5
251289 2.3
251289 2.6
26 12 89 2.5
26 12 89 2.7
271289 2.8
271289 2.7
281289 3.0
281289 2.8
291289 3.1
291289 2.9

16
6
19
26
16
17
7
24
21
32
34
46
32



736
1945
816
2024
857
2105
939
2147
1024
2234
1112
2327
701
1915
745
1953
826
2031
905
2109
94t
2144
1019
2219
1057
2300
1141
2351
1236
57
1345
216
1459
334
1607
438
1659
527
1741
608
1819
u7
1856
725
1932
804
2010
842
2048
920
2127
1001
2210
1045
2257
1't40

397
399
396
398
395
395
396
395
396
393
400
394
394
398
392
400
392
398
391
397
389
397
390
397
390
395
388
392
387
391
388
396
390
397
388
392
389
391
392
392
395
394
399
395
401
396
401
397
399
398
398
400
398
402
400
402

12
12
12
12
12
12
12
12
12
12
19
23
19
23
23
23
23
3{f
I
31
24
14
20
12
12
13
12

12
12
12
12
26
13
24
22
76
57
4
36
4
62
47
4
53
39
45
36
,18
46
62
47

30 12 89 3.3
30 12 89 2.9
31 12 89 3.3
31 12 89 2.9
1  190  3 .4
1190  3 .0
2190  3 .3
2  190  2 .9
3190  3 .1
3  190  2 .8
4  190  3 .0
4  190  2 .6
12  190  3 .7
12  190  3 .3
13 1 90 3.8
13  190  3 .3
14  190  3 .7
14 1 90 3.3
15  190  3 .6
15 1 90 3.1
16  190  3 .4
16  190  3 .0
17  190  3 .2
17  190  2 .7
18  190  2 .8
18  190  2 .5
19  190  2 .5
19  190  2 .1
20 190 2.2
21 1 90 1.8
21  190  1 .9
22 190 1.7
22 190 2.0
23  190  1 .9
23  190  2 .1
24 190 2.3
24 194 2.4
25 1 90 2.7
25 190 2.6
26 1 90 2.9
26 190 2.8
27 19A 3.3
27 19A 3.1
28 1 90 3.6
28 190 3.2
29 190 3.7
29 1 90 3.4
30 1 90 3.7
30 1 90 3.4
31 1 90 3.6
31 1 90 3.3
1 290 3.4
1  290  3 .1
2 290 3.2
2 290 2.9
3 290 2.8

12
12

140 48
85 39
109 36
66 27
993 / .
66 18
93 S|
47 2A
99 34
37 14
109 38
69 21
88 40
68 35
70 39
32 19
u 3il
424
130 50
37 19
763 r '
24 12
1n  4
38 18
29 12
239
66 28
229
',2 7

239
43 14
15  10
37 18
62 31
25 17
31  11
71 28
222 126
55 25
3 r ' . 13
Stit 35
81 40
213 93
72 37
134 62
140 63
28 104
155 78
214 84
122 48
132 55
134 52
138 56
120 47
Sril 39

46
4il



16
20
32
22

,a
58
68
I

35
42
35
25

400
400
393
391

2.5
2.4
2.3
2.3

9
3if
12
I

Tcro Mar
(ppm) (ppm)

10 30
18 72
12 30
12 30

Tlme Date
BST

Data obtained from Hohrook Beacon

Range
(mlns)

2359
1251
124
1420

2112
942
2143
1012
2214
1&A
2253
1134
23/,8
1242
117
1410
2U
1536
414
1635
503
1719
g5
1758
626
1836
704
1912
742
1949
820
2A27
858
2108
939
2150
1022
2239
1116
2342
1232
112
1407
252
1537
414
1639
510
1724
552

Perlod
(ppm)

395
388
395
389
398
388
400
385
398
378
392
378
402
382
395
387
392
392
394
395
395
398
397
401
398
402
399
401
401
399
400
399
401
401
401
401
393
398
387
398
386
389
387
387
390
390

3  290
4 290
5  290
5  290

14 290 3.2
15 2 90 3.2
15 2 90 3.0
16 2 90 2.9
16 2 90 2.6
17 290 2.5
17 290 2.3
18 2 90 2.1
18 2 90 1.8
19 2 90 1.7
20 290 1.5
20 290 1.5
21 290 1.7
21 290 1.8
22 290 2.2
22 290 2.2
23 2 90 2.7
23 290 2.6
24 290 3.2
24 290 3.0
25 290 3.5
25 2 90 3.3
26 290 3.9
26 290 3.6
27 290 4.0
27 290 3.8
28 290 4.0
28 290 3.7
1 390 3.8
1 390 3.6
2 390 3.5
2 390 3.4
3 390 3.0
3 390 3.0
4 390 2.6
4 390 2.5
5  390  2 .1
6 390 2.3
6 390 2.0
7 390 2.5
7  390  2 .1
8 390 2.9
8 390 2.6
9 390 3.3
9 390 2.8
10 3 90 3.6

1012

13
10

12
12

103
228
41 16
33 18
230 103
252 74
162 80
179 99
964 r ' -
176 80
92 35
1',t7 50
/rt 2a
25 13
27  11
198
30  11
104
28 13
197
19  10
104
198
19  11
107
58 26
11  7
41  16

12

12
12
12
20
66
75
87
119
74
104
99
54
45
23
13
12

61 9

12
12
12
12
12
12
12
12
12
18
31
23



395
391
398
392

Perlod
(ppm)

1801
629
18d14
703

Tlme
BST

10 3 90 3.1
11 3 90 3.7
11 3 90 3.4
12 3 90 3.8

Date Range
(mtns)

3 590 2.8
3 590 2.0
4 590 2.9
4  590  2 .1
5 590 3.0
5 590 2.4
6 590 3.2
6 590 2.6
7 590 3.3
7 590 2.9
I590  3 .3
8  590  3 .1
I590  3 .3
9  590  3 .1
10 5 90 3.3
10 5 90 3.2
11 5 90 3.2
11 5 90 3.1
12 5 90 3.1
12 5 90 3.0
13 5 90 3.0
13 5 90 3.0
14 5 90 2.8
14 5 90 2.8
15 5 90 2.6
15 5 90 2.7
16 5 90 2.4
16 5 90 2.6
17  590  2 .2
17 5 90 2.5
18 5 90 2.0
19 5 90 2.6
19 5 90 2.2
20 5 90 2.8
20 5 90 2.4
21 5 90 3.1
21 5 90 2.8
22 590 3.5
22 5 90 3.1
23 5 90 3.6
23 5 90 3.4
24 5 90 3.8
24 5 90 3.7
25 5 90 3.7
25 5 90 3.8
26 5 90 3.7
26 5 90 3.9
27 590 3.4

32
18
36
sl

Zeto
(ppm)

3
14
5
27
20
27

3
il
75

27
3
69
16
,16

25
71
28

16
35
90
103

I
3
10
149
s|
14

138
38
74

M2
85
145
171
TI

91
117
365

24
70
29'|
a4

Max
(ppm)

13
16
25
291
82
30

4
1308
203
1427
313
1533
408
1622
452
1704
528
1741
602
1816
633
1850
744
1921
734
1953
806
2026
838
2101
915
2142
958
2232
1053
2335
1204
51
1321
203
1€0
306
1529
404
1624
457
1716
547
1806
634
1856
721
1943
806

395
390
394
388
391
87
390
390
391
391
393
392
392
393
394
392
392
394
392
394
389
395
390
396
389
397
390
397
87
394
379
388
374
390
375
396
384
398
391
400
396
400
398
400
398
398
398
398

665
68
503

625
665
379
*1
242

a$
525
640

38 635 195
3 607 245
25 &lil 100
56 50 3[f
80 23 12

91 162 64
127 206 102
181 326 128

162

195

312

141473

1 4 65lr 98



2033 27 590 3.9 395
852 28 5 90 3.2 395
2123 28 5 90 3.7 394 T7 591 211
939 29 5 90 2.9 393
2215 29 5 90 3.5 393
1029 30 5 90 2.7 393 67 588 35il
2310 30 5 90 3.2 392

Tfme Date Range Perlod 7.ero Max Mean
Bsr (mlns) (ppm) (ppm) (ppm)

1123 31 5 90 2.4 392
11 1 6 90 3.1 392
1223 1 6 90 2.3 393 203 465 197
115 2 6 90 2.9 393
13li'1 2 6 90 2.1 391



Appendix 3 Suspended sediment data obtained
ficim monitor 2 (bbb)

Data obtained from oiljetty

Mean
(ppm)

65
36
41
n
38
31
15
24
14
13
I
17
12
42
19
30
,fG
14
49
35
65
41
50
67
58
82
54
68
59
76
70
161
52
s4
45
59
39
31
39
22
24
18
25
31
12
22
20

Perfod Zeto Max
(mlns) (ppm) (pPm)

Tlme
BST

1St1
146
1402
216
1434
245
1508
319
1547
357
1632
45
1728
544
1839
657
1957
813
2112
923
2218
1028
2316
1 126
6
1219
53
1307
136
1353
219
1440
301
1526
344
1614
48
1707
1806
619
1914
728
2023
838
2127
940
2219

341
341
340
ul
339
345
337
346
335
352
338
360
346
378
358
391
360
87
352
379
342
367
336
358
334
353
334
349
338
348
3rt3
344
348
34{}
356
3,03
365
341
341
381
340
384
34
379
SrtG
370
345

14
a
26
32
27
u
42
40
,t3
34
39
35
39
39
52
55
76
58
87
81
95
117
102
108
98
90
84
85
98
120
131
163
1U
138
137
147
1il
167
22
25
25
21
16
21
16
24
24

187
67
96
61
86
47
39
51
38
62
49
60
72
172
47
114
116
23
174
99
131
u
142
194
140
221
150
149
179
142
197
374
150
166
'|-28

267
73
1',|2
71
106
68
42
50
90
28
35
49

Date Range
(m)

31 10 89 3.3
1 11 89 3.2
1 11 89 3.2
211  89  3 .2
211  89  3 .0
3 11 89 3.0
311  89  2 .8
411  89  2 .8
411  89  2 .5
511  89  2 .6
511  89  2 .3
611  89  2 .4
6 11 89 2.1
711  89  2 .3
711  89  2 .0
811  89  2 .4
811  89  2 .2
911  89  2 .7
911  89  2 .6
10  1189  3 .1
10 11 89 2.9
11 11 89 3.4
11 11 89 3.3
121189  3 .7
131189  3 .5
131189  3 .8
141189  3 .6
141189  3 .9
151189  3 .7
151189  3 .8
161189  3 .6
161189  3 .5
1711  89  3 .4
1711  89  3 .1
1811  89  3 .2
1811  89  2 .7
191189  3 .0
1911  89  2 .4
20  1189  2 .2
21  1189  2 .5
21  1189  2 .0
22 11 89 2.5
2211 89 2.0
2311 89 2.6
2311 89 2.2
2411  89  2 .7
241189 2.4



1032
2303
1117
21
1157
18
1234
50
1310
124

2034
u7
2143
956
2248
1 103
2344
1242
u
1254
121
1343
244
14it0
247
1513
329
1558
410
1643
452
1730
537
1819
629
1917
7A
2020
8tit8
2123
946
?219
1043
2307
1131
2351
r215
30
1254
108
13,34
146

25 11 89
25 11 89
26 11 89
26 11 89
27 11 89
28 11 89
28 11 89
29 11 89
29 11 89
30 11 89

81289
91289
91289
10 12 89
10  12  89
11  1289
11  1289
121289
13 12 89
13 12 89
141289
141289
15 12 89
15 12 89
16 12 89
16  12  89
171289
171289
18 12 89
18 12 89
19 12 89
19 12 89
201289
2A 1289
21 1289
21 1289
221289
221289
23 12 89
231289
241289
241289
25 12 89
25 12 89
26 12 89
26 12 89
27 1289
281289
28 12 89
29 12 89
291289
30 12 89

2.9
2.7
3.0
2.9
3.0
3.0
3.1
3.1
3.0
3.1

Range
(mlns)

2.4
3.0
2.7
3.2
3.0
3.4
3.3
3.5
3.4
3.6
3.5
3.5
3.6
3.4
3.6
3.2
3.4
2.9
3.3
2.7
3.1
2.4
2.8
2.2
2.6
1.9
2.4
1.9
2.3
2.1
2.4
2.3
2.5
2.5
2.6
2.8
2.7
2.9
2.8
3.1
2.9
3.2

360
345
353
345
345
u1
341
341
3t37
w

Perlod
(ppm)

350
381
346
372
340
361
340
353
344
349
346
344
351
340
354
339
357
336
361
334
365
33if
370
3:|5
374
339
377
346
371
350
361
353
353
353
348
351
342
350
338
350
334
350

22
2!5
25
35
28
40
49
51
53
s

Zero
(ppm)

10
11
11
11
11
11
11
11
11
11
11
11
11
13
17
12
30
42
21
13
15
15
12
27
/tg
31
22
16
12
12
31
33
27
17
12
15
22
26
31
35
Sril
32

Mean

9
22
4
4
4
8
11
18
18
18
15
21
22
41
{t
30
57
23
10
22
18
24
36
40
31
10
14
7
7
9
26
2
11
I
18
19
a
17
35
26
35
62

48 21
106 3(t
38 19
58 20
56 35
50 trl
102 2!t
148 28
59 28
653 r ' .

Max
(ppm)

49
82
20
16
16
29
29
70
53
53
60
41
56
71
103
82
106
58
23
39
44
56
79
211
82
22
62
11
28
15
54
20
26
24
33
3B
42
38
79
68
95
186

Tlme Date
BST (m)



153 4
76 32
55 25
62 25
66 31
59 20
38 20
120 30
45 25
61 21
89 30
125 3it

Max Mean
(ppm) (ppm)

85 26
57 22
96 31
49 32
57 24
60 25
57 26
74 27
129 U
58 26
34 14
52 23
199 43
49 20
25 11
55 17
trl 21
46 13
26 13
102
4€16
3 / . 19
86 18
138
Tl 22
11  5
358
124
197 81
55 ',12

68 25
157 40
64 37
99 50
141 41
108 4
103 56
86 37
1M 56
113  30

Tf,Jo
(ppm)

332
352
332
355
3il3
359
332
362
334
365
3til5
370

32
27
36
35
37
40
37
40
40
40
40
36

13
15
12
20
12
12
12
12
16
21

30 12 89 3.0
31 12 89 3.2
31 12 89 3.1
1  190  3 .3
1  190  3 .1
2  190  3 .3
2  190  2 .9
3  190  3 .2
3  190  2 .7
4  190  3 .2
4  190  2 .5
5  190  3 .0

11 1 90 3.3
11 1 90 3.3
12  190  3 .5
12  190  3 .4
13  190  3 .7
13  190  3 .4
14  190  3 .7
14  190  3 .3
15  190  3 .7
15  190  3 .1
16  190  3 .5
16  190  2 .9
17  190  3 .4
17  190  2 .7
18  190  3 .0
18  190  2 .4
19  190  2 .8
19  190  2 .0
20 190 2.4
20 1 90 1.8
21 1 90 2.0
21 I 90 1.7
22 190 1.9
22 190 1.9
23 190 2.0
23 190 2.2
24 190 2.3
24 190 2.6
25 190 2.6
26 190 2.8
26 190 2.8
27 190 3.1
27 190 3.1
28 1 90 3.5
28 1 90 3.3
29 190 3.6
29 1 90 3.4
30 190 3.7
30 190 3.4
31  190  3 .7

1413
224
1452
302
1532
340
1615
422
1700
507
1752
601

23
1249
110
1335
153
1417
233
1458
309
1536
346
1612
421
1419
456
1727
535
1809
623
1903
728
2013
852
2129
101  1
2235
11  10
2328
1158
13
1240
g
1321
135
1400
213
14r',0
251
1519
327

24
24
24
24
13
20
17
19
12
23
21
28
36
37
49
51
58
61
101
96
83
86
93
117
108
111
137
137
150
147

Perlod
(mlns)

352
34
351
340
352
336
353
33rif
356
333
357
3til2
358
330
361
333
366
342
373
3il
377
363
367
365
356
363
349
359
3..|i!
355
339
353
335
350
3ril2
351
330
351
329
353

Tlme Date Range
BST (m)



1558
405
1el1
4'18
1727
537
1822
639
1931
757
2051

316
1539
u7
1610
418
1641
452
1716
533
1759
626
1900
749
2028
936
2158
1045
2302
1 135
2351
1219
33
1301
114
1341
153
1420
81
1459
308
1539
347
1619
429
1703
520
1757
623
1905
750
2034

353
33{}
355
333
354
333
356
337
361
349
376
377
381
386
360
372
350
361
344
3g
339
353
335
350
331
349
329
349
328
350
329
352
331
353
336
356
345
369
367
377
378

31  190  3 .2
1 290 3.6
I  290 3.0
2 290 3.4
2 290 2.8
3  290  3 .1
3 290 2.4
4 290 2.7
4 290 2.2
5 290 2.4
5 290 2.2

Date Range
(m)

u 294 3.7
14 2 90 3.1
15 2 90 3.4
15 2 90 2.9
16 2 90 3.1
16 2 90 2.6
17 294 2.7
17 290 2.3
18 2 90 2.3
18 2 90 1.9
19 2 90 1.8
19 2 90 1.6
20 290 1.5
20 290 1.6
21 290 1.7
21 29A 2.0
22 290 2.2
22 290 2.5
23 290 2.5
23 290 3.0
24 290 3.0
25 290 3.4
25 290 3.3
26 290 3.7
26 290 3.6
27 290 4.A
27 290 3.7
28 294 4.1
28 290 3.6
1 390 4.0
1 390 3.5
2 390 3.8
2 390 3.2
3 390 3.4
3 390 2.8
4 390 3.0
4 390 2.4
5 390 2.4
5 390 2.2
6 390 2.1
6 390 2.3

329
356
329
357
3i|0
363
3it7
372
353
38iil
363

Perlod
(mlns)

152 133 43
178 90 30
203 95 52
213 78 n
226 72 35
24 39 20

Zero
(ppm)

Tlme
BST

Max Mean
(ppm) (ppm)

87 36
93 27
81 42
67?9
55 26
98 29
85 27
62 27
17  1
179 21

49
34
25
31
29
17
12
12
12
12

34 99 34
18 29 10
12171
236421
17  42  11
23209
28197
28 35 17
41269
42 28 17
39 58 25
51 56 29
62 81 36
77 83 48
73 36 19
99 93 52
78 Tl 31
97 160 56
87 68 32
75 99 30
87 112 I
73 118 42
76813 r ' .
T7 75 30
76 63 24
80 50 25
87 20 13
90  17  11
103 33 13
106  11  2



Tlme
BST

930
2203
1043
2306
1137
2354
1222
36
1300
112

1823
719
1938
837
2055
94
2200
1038
2252
1123
2335
1201
13
1234
49
1307
122
1336
155
1406
227
14i!5
301
1508
337
1il4
419
1628
509
1720
609
1823
719
1935
833
2045
942
2153
1042
2255
1137
2352

Perlod
(mlns)

381
349
385
350
378
349
368
344
360
341
353
340
349
342
34
3€
342
345
339

"47339
351
337
353
338
358
339
364
34
375
355
388
362
388
357
381
347
371
u2
362
339
355

7 390 2.2
7 390 2.6
8 390 2.6
I390  3 .1
9 390 2.9
9 390 3.4
10 3 90 3.1
11 3 90 3.6
11 3 90 3.4
12 3 90 3.8

Date Range
(m)

2 590 2.7
3 590 2.2
3 590 2.7
4 590 2.2
4 590 2.8
5 590 2.5
5  590  3 .0
6 590 2.7
6 590 3.1
7  590  3 .0
7  590  3 .2
I590  3 .1
9  590  3 .2
9 590 3.2
10 5 90 3.2
10 5 90 3.3
11 5 90 3.1
11 5 90 3.2
12 5 90 3.1
12 5 90 3.1
13 5 90 2.9
13 5 90 3.1
14 5 90 2.8
14 5 90 2.9
15 5 90 2.6
15 5 90 2.8
16 5 90 2.4
16 5 90 2.7
17 5 90 2.2
17 5 90 2.5
18 5 90 2.1
18 5 90 2.5
19 5 90 2.2
19 5 90 2.7
20 5 90 2.4
20 5 90 2.9
21 5 90 2.8
21 5 90 3.3
22 5 90 3.1
22 590 3.5
23 5 90 3.4
23 5 90 3.7

16
10
7
10
11
12
23
11
35
22

Mean
(ppm)

52
42
27
25
21
a
49
u
108
47

Max
(ppm)

53
159
48
139
84
62
32
u
I
80
60
4A
141
109
27
114
149
52
67
55
202
53
61
52
69
25
40
xt
6
85
42
33
83
128
61
19
19
26
40
35
42
29

117
127
130
130
132
131
1fft
l3ril
13it
143

Tp,to
(ppm)

367
371
356
364
u7
358
3ril9
353
334
351

0
0
0
15
6
I
3
I
0
0
0
20
7
0
15
19
22
I
23
35
24
23
29
23
23
23
23
23
23
23
23
27
38
28
23
z3
23
39
41
41
53
47

27
51
25
8
28
24
21
18
15
52
a
18
36
4
13
51
41
22
28
37
37
25
32
32
16
I
12
6
1
12
14
13
16
20
17
9
14
6
25
24
18
14



1227
44
1 3 1 4
134
1359
nl
1444
308
'1527

357
1612
w
1702

542
1755
6€
1856
78
2002
854
2109

Tcro
(ppm)

Tlme Date Range
BST (m)

24 5 90 3.6
25 5 90 3.8
25 5 90 3.7
26 5 90 3.8
26 5 90 3.8
27 5 90 3.6
27 5 90 3.7
28 5 90 3.5
28 5 90 3.6
29 5 90 3.1
29 5 90 3.4
30 5 90 2.9
30 5 90 3.2

31 5 90 2.5
31 5 90 3.1
1 690 2.4
1 690 2.9
2 690 2.2
2 690 2.7
3 690 2.3
3 690 2.7

339 58
350 74
u2 75
u7 89
344 103
345 116
349 128
w 14il
356 lU
u2 138
363 132
341 140
368 1M

Perlod
(mlns)

341 155
376 163
340 5,4
379 ',126

3{t 138
381 128
347 137
374 133

51 18
35 15
115  25
41 14
104 22
38 11
47 15
11  3
6629
16  17
22 23
17  11
37 20

Max Mean
(ppm) (ppm)

23 22
28 12
127 109
39 18
19  18
47 14
17  13
21  16



Appendix 4 Suspended sediment data obtained
trom monitor 2 (tlood)

Data obtained frcm oiljetty

llax Mean
(ppm)

ZeJa
(ppm)

?s
36
35
37
23
I
40
50
41
38
27
38
39
45
54
80
62
56
Stil
81
97
121
119
120
86
92
93
110
117
131
144
151
150
't40

136
148
175
175
24
25
25
24
13
24
22
20

Tlme Date Range
BST (m) (mlns)

1912
727
1942
757
2013
8tt)0
2445
905
2122
949
2210
1045
2314
1202
37
1328
157
1440
304
1542
400
1635
452
1724
540
1812
627
1856
714
1941
802
2024
849
2109
940
2157
1034
2248
2347
1244
54
1352
207
1457
313
1550

Perlod
(ppm)

394
395
394
397
392
398
394
442
395
403
395
403
390
397
380
389
376
392
379
396
388
401
394
402
399
401
400
400
399
398
398
397
397
395
394
392
393
392
392
394
394
391
391
390
87
389

110
172
86
104
1otf
113
75
62
M
TT
33
50
60
150
52
117
34
112
39
158
123
340
237
208
223
300
100
84
123
197
235
175
257
199
371
187
285
92
39
52
,a
60
39
46
41
63

58
&
42
47
50
39
17
18
10
25
17
20
20
50
20
63
14
4A
12
74
56
127
107
1M
84
90
52
42
72
117
139
77
120
100
174
85
119
55
23
28
20
30
25
26
22
28

31 10 89 3.3
1  1189  3 .2
1  1189  3 .2
21189  3 .1
2 11 89 3.0
311  89  2 .9
3 11 89-  2.8
4 11 89 2.7
411  89  2 .4
51189  2 .6
5 11 89 2.2
6 11 89 2.4
611  89  2 .0
711  89  2 .3
811  89  2 .0
811  89  2 .5
911  89  2 .2
911  89  2 .9
1011  89  2 .6
101189  3 .3
11  1189  2 .9
11 11 89 3.6
121189  3 .3
121189  3 .8
131189  3 .5
131189  3 .8
1411  89  3 .7
1411  89  3 .8
1511  89  3 .9
151189  3 .5
1611  89  3 .8
1611  89  3 .2
1711  89  3 .5
1711  89  2 .8
181189  3 .3
1811  89  2 .5
1911  89  3 .0
1911  89  2 .2
20 11 89 2.0
21  1189  2 .6
221189 1.9
221189 2.5
2311 89 2.0
23 11 89 2.7
2411 89 2.2
2411 89 2.8



47 30
35 17
38 22
55 27
30 20
44 22
€24
60 26
104 35
74 24

388 16
391 24
389 Xt
391 25
391 Sril
396 40
395 4
395 51
397 55
397 59

44
1632
w
1710
526
1742
559
1815
63if
1847

1400
224
1508
329
1608
428
1704
524
1755
618
1843
707
1927
755
2010
841
2052
926
2134
101 1
2217
1057
2303
2354
1243
56
1346
206
1449
313
1547
412
1636
500
1719
il2
1757
620
18ri|2
658
1908
736

394
383
395
387
400
395
400
398
399
396
398
396
397
395
397
392
397
392
396
392
395
393
394
395

2511 89 2.5
2511 89 2.9
2611 89 2.8
26 11 89 3.0
271189 2.9
27 1189 3.1
2811 89 3.0
28 11 89 3.1
a 11 89 3.1
29 11 89 3.0

81289
91289
91289
10 12 89
10 12 89
11  1289
11  1289
121289
121289
13 12 89
13 12 89
14 12 89
141289
15 12 89
15 12 89
16 12 89
16 12 89
171289
171289
18 12 89
18 12 89
19 12 89
19 12 89
20 12 89
2t  1289
221289
221289
231289
231289
241289
241289
251289
251289
26' t2  89
261289
271289
271289
28 12 89
28 12 89
29 12 89
29 12 89
30 12 89

2.9
2.5
3.0
2.8
3.3
3.1
3.4
3.4
3.4
3.6
3.4
3.7
3.3
3.8
3.2
3.7
3.0
3.4
2.8
3.3
2.6
3.0
2.4
2.2

Zero Max Mean
(ppm) (ppm) (ppm)

83211
11  91  17
11  29  11
11112
11  4  14
11202
11285
11  37  10
11 60 22
11 63 28
11 53 2A
116 / ' 22
114a24
16 142 49
12 156 61
13 129 66
12 88 38
486 / . 33
40 35 11
15 133 59
22 69 28
23 68 33
13 58 26
36 83 26
41 66 25
28 36 15
25 100 39
13 70 13
12 69 28
12 44 22
45 26 16
29 55 22
274 / . 21
13&33
22 49 20
13 72 42
25 56 30
26 131 56
37 63 24
47 75 40
29 85 47
42 107 51

Tlme Date Range Perlod
BST (m) (mlns)

394
393
394
392
394
393
392
391
391
391
392
393
393
394
396
396
398
397

2.4
2.0
2.3
1 .9
2.4
2.1
2.5
2.3
2.6
2.5
2.7
2.8
2.7
3.0
2.8
3.1
2.9
3.3



Tlme Date Range
BST (m)

1945
816
2424
857
2105
939
2147
1024
2234
1112
2327

174a
615
1833
701
1915
745
1953
826
2031
905
2109
9{l
2144
1019
2219
1057
2300
1141
2351
1236
57
1345
216
1459
334
1607
438
1659
527
1741
608
1819
u7
1856
725
1932
804
2010
842
2048
920

395
394
397
394
398
392
400
392
398
391
397
389
397
390
397
390
395
388
392
87
391
388
396
390
397
388
392
389
391
392
392
395
394
399
395
401
396
401
397
399
398

16
21
13
12
14
'12

12
12
12
13
23
24
24
24
16
12
14
22
14
20
15
23
u
37
37
53
50
60
61
142
84
8i|
84
99
124
108
115
13ft
136
152
142

3012 89 2.9
31 12 89 3.3
31 12 89 2.9
1190  3 .4
1190  3 .0
2190  3 .3
2  190  2 .9
3190  3 .1
3  190  2 .8
4190  3 .0
4  190  2 .6

10  190  3 .0
11 1 90 3.5
11  190  3 .2
12 1 90 3.7
12  190  3 .3
13  190  3 .8
13  190  3 .3
14  190  3 .7
14  190  3 .3
15 1 90 3.6
15  190  3 .1
16 1 90 3.4
16  190  3 .0
17  190  3 .2
17  190  2 .7
18  190  2 .8
18  190  2 .5
t9  190  2 .5
19  190  2 .1
20  190  2 .2
21 1 90 1.8
21 1 90 1.9
22 194 1.7
22 190 2.0
23  190  1 .9
23 1 90 2.1
24 190 2.3
24 190 2.4
25 190 2.7
25 190 2.6
26  190  2 .9
26 190 2.8
27 190 3.3
27 190 3.1
28 190 3.6
28  190  3 .2
29  190  3 .7
29 190 3.4
30 190 3.7
30  190  3 .4
31  190  3 .6

399 28
396 27
398 39
395 N
395 39
396 31
395 39
396 40
393 40
400 4
394 &

Perfod Tr,ro
(mlns) (ppm)

86 ,O
76 41
4626
65 38
49 27
63 3il
49 2!t
6334
45 26
173 69
96 56

ilax ilean
(ppm) (pp'm)

79 28
62 22
59 16
110 35
47 23
57 29
50 19
60 37
38 20
90 46
91 23
45 21
34 12
41 22
42 15
42 21
28 11
141 35
27  11
.3 / . 13
46 15
35 16
62 14
25 13
138 30
€20
36 15
399
58 22
196 84
67 30
79 25
99 38
124 51
124 55
96 53
164 65
81 35
162 82
135 80
156 82



2127
1001
2210
1045
22!57
1140
2359
1251
124
1420
2V

2040
909
2112
942
2143
1012
2214
1048
2253
1134
2348
1242
117
1410
2V
1536
410
1635
503
1719
il5
1758
626
1836
704
1912
742
1949
820
2027
858
2108
939
2150
1022
2239
1116
23/.2
1232
112
1407

389
398
388
400
385
398
378
392
378
402
82
395
387
392
392
394
395
395
398
397
401
398
442
399
401
401
399
400
399
401
401
401
401
393
398
387

31  190  3 .3
1 290 3.4
1  290  3 .1
2 290 3.2
2 290 2.9
3 290 2.8
3 290 2.5
4 290 2.4
5 290 2.3
5 290 2.3
6 290 2.3

Date Range
(m)

13 2 90 3.4
14 290 3.5
14 290 3.2
15 2 90 3.2
15 2 90 3.0
16 2 90 2.9
16 2 90 2.6
17 290 2.5
17 290 2.3
18 2 90 2.1
18 2 90 1.8
19 2 90 1.7
20 290 1.5
20 290 1.5
21 290 1.7
21 290 1.8
22 294 2.2
22 290 2.2
23 290 2.7
23 294 2.6
24 290 3.2
24 294 3.0
25 294 3.5
25 290 3.3
26 290 3.9
26 290 3.6
27 294 4.0
27 294 3.8
28 290 4.0
28 2 90 3.7
1 390 3.8
1 390 3.6
2 390 3.5
2 390 3.4
3 390 3.0
3 390 3.0
4 390 2.6
4 390 2.5
5 3 90 2.',1
6 390 2.3
6 390 2.0

398
400
398
402
400
402
400
400
393
391
396

Perlod
(mlns)

396
390
395
388
395

60
7A

1 1 1
120

187
178

Tlme
BST

Max Mean
(ppm) (ppm)

116  56
78 31
112 63
91 57
59 31
78 39
71 42
69 31
51 30
35 18
176
100 u
33 14
56 27
39 21
43 17
34 19
47 22
35 21
29 13
32 16
49 14
66 35
93 23
74 41
38 19
84 52
74 27
86 45
74 37
105 53
984 / -
5934
99 47
66 35
86 40
80 34
35 18
31 15
36 16
41 14

Zero
(ppm)

37
,f5
1 9
37
n
I
13
12
12
12
12
17
30
14
12
27

83
101
78
106
81
T7
87
72
TI
74
84
85
94
95
105

13
27
28
38
42
47
41
54
76
74



T,B,to Max Mean
(ppm) (ppm) (ppm)

Tlme
BST

252
1537
414
1639
510
1724
552
1801
629
18til4
703

4
1308
203
1427
313
1533
408
1622
452
1704
528
1741
602
1816
633
1850
704
1921
734
1953
806
2026
838
2101
915
2142
958
2232
1053
2335
1204
51
1321
203
14:t0
306
1529
404
1624
457
1716

395
390
394
388
391
87
390
390
391
391
393
392
392
393
394
392
392
394
392
394
389
395
390
396
389
397
390
397
387
394
379
388
374
390
375
396
384
398
391
400
396

106
18
18
130
136
131
131
137
137
137
149

0
0
0
20
2
10
1
2
0
0
15
22
2
0
12
21
22
25
23
27
23
23
25
23
23
23
23
23
23
23
35
30
40
24
23
23
35
41
41
41
57

42
35
26
39
82
42
87
38
61
57
55

100
105
121
116
14
84
84
96
81
70
141
84
63
70
&f
44
il
45
53
86
86
T7
88
72
53
47
47
37
37
47
41
51
30
36
42
42
82
&t
54
76
19

16
15
16
22
28
14
N
15
Slif
32
34

40
47
46
25
34
26
29
24
27
30
33
17
32
32
39
20
23
20
30
34
53
39
38
32
18
14
19
14
17
22
24
28
10
14
18
17
34
26
32
31
15

7 390 2.5
7  390  2 .1
8 390 2.9
8 390 2.6
9 390 3.3
9 390 2.8
10 3 90 3.6
10 3 90 3.1
11 3 90 3.7
11 3 90 3.4
12 3 90 3.8

Date Range
(m)

3 590 2.8
3 590 2.0
4 590 2.9
4  590  2 .1
5 590 3.0
5 590 2.4
6 590 3.2
6 590 2.6
7 590 3.3
7 590 2.9
I590  3 .3
I590  3 .1
9 590 3.3
9 590 3.1
10 5 90 3.3
10 5 90 3.2
11 5 90 3.2
11 5 90 3.1
12 5 90 3.1
12 5 90 3.0
13 5 90 3.0
13 5 90 3.0
14 5 90 2.8
14 5 90 2.8
15 590 2.6
15 5 90 2.7
16 5 90 2.4
16 5 90 2.6
17 5 90 2.2
17 5 90 2.5
18 5 90 2.0
19 5 90 2.6
19 5 90 2.2
20 5 90 2.8
20 5 90 2.4
21 5 90 3.1
21 5 90 2.8
22 590 3.5
22 5 90 3.1
23 5 90 3.6
23 5 90 3.4

398
386
389
387
387
390
390
395
391
398
392

Perlod
(mlns)



17
16
23
39
32
n
27
14
13
13

13
10
18

Mean
(ppm)

il
35
€
72
55
41
46
20
26
40

30
16
30

Max
(ppm)

24
24
55
25
23
25
25

55
70
75
85
99
113
125
145
142
131

138
149
158

392
392
393
393
391
391
388

Tlme Date Range
BST (m)

g7
1806
634
1856
721
194{f
806
203i1
852
2123
git9
2215
1029
2310

1123
11
1223
115
13rtll
223
1&1

24 5 90 3.8
24 5 90 3.7
25 5 90 3.7
25 5 90 3.8
26 5 90 3.7
26 5 90 3.9
27 590 3.4
27 590 3.9
28 5 90 3.2
28 5 90 3.7
29 5 90 2.9
29 5 90 3.5
30 5 90 2.7
30 5 90 3.2

,S00
398
400
398
398
398
398
395
395
394
393
393
393
392

Perfod Zeto
(mlns) (ppm)

161
1At
120
132
18
129
140

31 5 90 2.4
1 690 3.1
1 690 2.3
2 690 2.9
2 690 2.1
3 690 2.8
3 690 2.2

13
12
42
11
11
13
11



Appendix 5
(6bb and flood)

Half tide wind speed and directian

Flood

Tlme Date Mean Dlrn Gust Mean Dlrn Gust
BsT (kts) (kts) (kts) (kts)

13til1
146
1402
216
1434
245
1508
319
1547
357
1632
45
1728
54
1839
657
1957
813
2112
923
2218
1028
2316
1126
6
1219
53
1307
136
1353
219
1440
301
1526
34
1614
4n
1747
1806
619
1914
728
2023
838
2127
940
2219
1032

31 1089
11189
11189
21189
21189
31189
31189
41189
41189
51189
51189
61189
61189
71189
71189
81189
81189
91189
91189
10  11  89
10  11  89
11  11  89
11  11  89
12  11  89
13  11  89
13  11  89
14  11  89
14  11  89
15  11  89
15  11  89
16 11 89
16  11  89
17  11  89
17  11  89
18 11 89
18  11  89
19  11  89
19  11  89
20 11 89
21 11 89
21 11 89
22 11 89
22 11 89
23 11 89
23 11 89
24 11 89
24 11 89
25 11 89

19
9
8
14
17
15
11
18
13
10
9
13
5
8
15
15
28
15
22
13
23
13
I
8
I
4
7
5
8
16
21
25
21
16
14
12
11
7
8
6
12
12
12
13
11
12
18
12

181
197
28
244
24
214
204
226
184
179
120
128
147
229
28
286
185
199
245
236
241
260
270
327
110
90
133
1€
66
66
332
340
316
305
301
327
306
322
339
66
71
74
95
119
147
118
255
n3

25
16
16
22
28
23
19
26
23
17
17
20
12
16
23
25
40
23
32
21
32
21
16
16
15
11
14
13
16
24
28
3it
n
23
22
20
18
14
16
13
22
23
20
21
18
19
27
20

11
7
10
21
14
14
10
19
10
I
12
9
4
14
8
3ri'
2A
16
14
19
17
11
I
6
6
5
6
6
11
2A
21
24
18
16
13
11
7
10
7
7
14
12
11
11
12
10
17
I

192 19
216 15
245 18
2Ii7 30
219 22
211 23
194 18
214 28
194 17
160 16
131 2A
1U 16
l8itl 11
245 22
210 16
230 I
183 I
236 25
226 22
242 A
28 25
278 19
280 17
186 13
104 14
147 13
162 14
73 15
51 20
258 28
328 I
327 32
304 26
300 24
311 20
325 18
310 15
285 17
147 14
6 r ' . 15
67 26
76 24
99 t9
135 18
131 19
82 19
3ii|7 25
190 16



2303 25 11 89
1117 26 11 89
M1 26 11 89

20
t6
17

Gust
(krs)

153
145
117

13
10
10

Mean
(krs)

169
147
123

DlrnTlme Date
BST

12
12
11

Mean
(kts)

7
I
9
13
15
I

1 9
1 9
1 8

Gust
(kts)

14
15
17
20
22
17

Dlm

1157 27 11 89
18 28 11 89
1234 28 11 89
50 29 11 89
1310 29 11 89
124 30 11 89

2034 8 1289 I
u7  91289  10
2143 I 1289 8
956 10 1289 9
2248 10 1289 7
1103 11 1289 4
2344 11 1289 18
1202 121289 15
34 13 1289 6
1254 13 1289 12
121 14 1289 9
1343 141289 24
204 151289 22
1430 15 1289 13
247 16 1289 15
1513 16 12 89 23
329 171289 32
1558 171289 26
410 18 12 89 10
1643 18 1289 14
452 19 1289 18
1730 19 1289 I
537 201289 14
1819 201289 22
629 21 1289 A
1917 21 12 89 16
729 221289 10
2020 221289 15
838 231289 20
2123 23 1289 13
946 241289 25
2219 241289 23
1043 25 12 89 19
2307 25 1289 18
1131  26  1289  18
2351 26 1289 18
1215 271289 15
30 28 1289 11
1254 28 12 89 11
108 291289 12
1334 29 1289 10
146 30 1289 I

121 14
106  16
305 21
135 23
14 22
96 16
68 18
98 17
78 16
110  16
139 15
129 14
253 13
267 24
149 18
228 20
187 16
259 22
218 U
93 16
337 25
280 27
252 34
233 44
213 n
292 19
217 29
138 17
82 31
225 28
220 37
224 39
230 17
152 27
206 22
185 33
219 29
257 39
243 30
250 20
250 20
250 20
250 20
57 20
51 21
21 22
144 19
299 19
55 17

133
128
83
337
12
52

81
93
95
118
131
158
277
196
127
250
241
224
176
203
328
249
28
213
231
263
153
241
258
232
222
223
187
181
232
220
240
243
247
250
250
25A
149
52
42
124
250
27

16
18
15
16
14
11
27
24
13
21
17
36
34
21
23
u
,$$
37
19
21
27
16
23
34
41
25
18
23
30
22
36
34
26
20
20
20
21
22
21
21
18
18

7
9
14
15
14
8
I
9
8
9
7
6
7
15
10
12
I
13
24
I
17
18
25
31
20
11
19
10
21
19
25
28
9
18
14
20
19
28
21
18
18
18
18
10
11
14
11
12
I



1413
224
1452
302
1532

61
63
178
269
299

Dlrn

189
268
293
299
192
224
206

228
221
28
231
18
192
228
231
215
199
249
216
196
174
182
196
226
202
202
221
227
242
217
250
213
188
174
232
219
192
195
205
260
257
188
227
257
246
2sril

30 1289 I
31  1289  7
31  1289  7
1190  7
1  190  14

15
15
15
15
22

Gust
(kts)

15
2A
20
20
15
16
13

22
23
23
30
17

Mean
(krs)

7
13
13
12
8
9
5

7
8
5
13
12

Mean
(kts)

6
14
14
9
9
7

74
139
179
87
2U

249
281
303
265
204
201

16
16
12
20
19

Tlme Date
BST

Dlrn Gust
(krs)

340 2 190
1615 2 1 90
422 3 190
1700 3 1 90
507 4 190
1752 4 1 90
601  5  190

23  11  190  15
1249 11 1 90 15
110  12  1  90  15
1335 12 1 90 20
153  13190  9
1417 13 1 90 7
233  14190  I
1458 14 1 90 14
309 15 1 90 18
1536 15 1 90 16
346 16 1 90 15
1612 16 1 90 19
421 17 1 90 19
1649 17 1 90 17
456 18 1 90 13
1727 18 1 90 11
535 19 1 90 21
1809 19 1 90 17
623 20 1 90 14
1903 20 1 90 14
728 21 1 90 15
2013 21 1 90 21
852 22 190 17
2129 22 1 90 18
1011 23 1 90 28
2235 23 I 90 15
1110  24  190  24
2328 24 1 90 17
1158 25 1 90 40
13  26190  25
1240 26 1 90 21
54 27 190 14
1321 27 190 16
135 28 1 90 29
1400 28 1 90 20
213 29 1 90 14
1440 29 | 90 24
251 30 1 90 22
1519 30 1 90 22

226 25
223 22
238 23
241 27
214 22
14  16
216 15
24 21
217 20
195 26
190 27
221 26
218 31
179 34
186 20
174 21
216 21
221 32
198 20
211 21
225 22
236 24
241 30
227 21
240 39
241 25
197 32
205 28
249 U
187 53
194 3il
208 26
220 21
279 3il
193 41
206 23
252 n
257 37
224 35
247 42

14
22
2',|
17
16
14

17
15
15
18
14
9
714

15
21
25
23
25
29
28
27
20
18
30
25
21
21
23
30
25
27
4A
24
35
26
60
34
31
23
24
42
33
22
35
3if
u

13
13
17
18
18
21
22
12
13
13
23
13
13
15
17
21
13
27
17
20
19
23
37
23
17
13
23
28
14
20
26
23
29



327
1558
405
1411
w
1727
537
1822

232
232
232
261
210
221
268
173

Dlrn

232
233
254
262

Tlme Date Mean
BSr Gts)

31  190  19
31  190  19
1 290 20
1 290 26
2 290 19
2 290 23
3  290  17
3  290  17

4 290 22
4 290 21
5  290  16
5  290  15

14 290 26
14 290 10
15  290  13
15  290  19
16  290  10
16  290  6
17 290 14
17 290 20
18  290  9
18  290  12
19  290  18
19 290 25
20 290 20
20 290 14
21 290 24.
21 290 12
22 29A 11
22 290 10
23 290 10
23 290 13
24 290 19
25 290 13
25 290 26
26 290 29
26 290 34
27 290 23
27 290 35
28 29A 22
28 290 27
1 390 22
1 390 20
2 390 23
2  390  15
3  390  13
3  390  15
4  390  18
4  390  12
5  390  21
5  390  19

18t 40
184 17
18 23
148 30
153 17
207 14
259 21
227 28
223 17
237 19
262 27
229 35
234 28
28 22
203 37
233 20
253 19
257 17
253 17
255 21
23tit 28
207 21
233 37
222 4A
166 57
177 37
165 52
178 32
196 42
172 32
156 32
118 gt
146 25
148 20
178 25
202 26
197 19
200 I
186 29

232 u
237 a
266 24
217 32
174 40
170 26
230 13
145 {l
170 19
151  16
259 2A
239 26
199 18
236 20
251 20
234 35
230 30
240 25
234 23
197 27
243 20
281 18
236 16
268 17
232 24
210 frt
235 25
207 u
187 57
183 37
164 43
166 ,ti|
213 25
157 &
172 36
109 28
132 29
149 21
159 22
198 24
187 24
248 21
195 34
184 29

30 20 28
30 22 235
28 19 240
38 n 241
8 21 217
35 18 226
26 22 213
26 15 221

Mean Dlrn
(kts)

Gust
(krs)

31
30
24
23

30
32
29
I
32
26
u
22

Gust
(kts)

639
1931
757
2051

316
1539
u7
1610
418
1&11
452
1716
53it
1759
626
1900
749
2028
936
2158
1045
2302
1 135
2351
1219
33
1301
114
1341
153
1420
231
1459
308
1539
u7
1619
429
1703
520
1757
623
1905

24
20
16
22
26
16
5
29
11
9
12
18
10
13
12
24
21
15
16
17
12
10
I
9
17
23
17
23
37
24
28
29
16
32
24
18
20
13
14
15
16
14
23
19



6 390 20
6  390  14
7  390  18
7  390  10
8  390  13
I  390  18
9 390 24
9  390  12
10  390  21
11  390  16
11  390  18
12  390  12

1823 2 590 16
719 3 590 10
1938  3590  13
837 4 590 11
2055 4 590 9
94  5590  7
2200 5 590 5
1038 6 590 8
2252 6 590 I
1123 7 590 I
2335  7590  10
1201  8590  10
13  9590  7
1234 9 590 10
49 10 590 7
1307 10 590 I
122  11  590  11
13tif6 11 590 16
155  12  590  18
1406 12 590 12
227 13 590 14
14i15 13 5 90 13
301 14 590 7
1508 14 590 9
337 15 590 10
1544 15 590 16
419  16  590  16
1628 16 590 12
509 17 590 10
1720 17 590 14
609 18 590 9
1823 18 590 15
719 19 590 15
1935 19 590 11
833 20 590 15
2045 20 590 12
942 21 590 22
2153 21 590 12
1042 22 590 14

181 30
178 23
205 27
204 17
224 20
198 27
152 36
222 19
1Tt tr|
206 2!t
186 27
150 19

Dlrn Gust
(krs)

33 24
24 17
47 20
27 18
61 17
170 15
110  13
213 15
116  15
151  18
271 17
295 17
14  15
210 18
190 14
225 16
160 19
154 25
139 26
95 21
112 21
108 21
128 14
283 16
280 17
251 24
216 24
236 20
131  17
32 22
60 17
36 23
35 23
62 19
35 23
86 27
36 30
56 22
22 21

172 ?a
19!) 23
209 24
208 17
232 19
161 4it
185 22
193 A
187 A
204 28
175 21
161 21

18  19
trf 21
43 18
30 19
98 13
13  15
104 13
120 19
18 2A
217  17
272 17
284 16
156 16
206 18
236 13
177 16
157 22
143 2!t
116  22
106 19
112 23
118  16

"2914308 17
256 17
223
220 21
lTt 18
160 17
65 16
22 23
53 19
23 22
76 19
39 25
72 22
39 28
{f 22
17 23

750
2034
930
2203
1043
2306
1137
2354
1222
36
1300
112

17
15
16
10
12
27
14
18
18
19
13
13

Tlme Date Mean
BST (kts)

Mean Dlrn Gust
(kts) (krs)

10
14
11
12
6
8
6
13
11
9
10
I
8
10
6
7
14
17
14
11
15
I
7
10
10
15
13
11
I
8
15
10
15
11
17
13
20
13
16



147 13
280 13
107 21
79 20
T7 19
,18 21
113  18
97 19
226 13
108 16

43176
267 17 5
136  17  12
46 26 12
95 17 10
25 26 13
79 15 11
295 19 12
2?9166
252 16 8

Dlrn Gust Mean
(kts) (kts)

Gust
(krs)

16
21
22
18
17
13
15
16
19
25
29
21
21
24

76 16 9 265
305 18 14 276
260 22 16 274
282 21 11 255
193 12 10 265
28 15 5 200
231 11 7 283
305 16 I 278
310 17 11 284
207 23 16 162
164 26 19 178
178 25 14 194
212 19 13 199
167 23 16 171

22 590 I
23 590 10
23 590 9
24 590 18
25 590 10
25 590 18
26 590 8
26  590  12
27 590 I
27 590 I

2?55
1737
2352
1227
4
1314
1U
1359
221
1444

308
1527
357
1612
48
1702
v2
1755
64;il
1856
78
2002
8g
2109

Tlme Date Mean
BsT (kts)

28 590 I
28 590 11
29 590 15
29 590 14
30 590 5
30  590  8
31  590  4
31  590  9
1  690  I
1  690  14
2  690  16
2  690  16
3  690  12
3  690  15



Appendix 6

Siltation at a Point Model (SAP)

The siltatbn at a point model (SAP) i"6'b zerodimensional mathematl;al rnodel
which predicts the changes at a point on a cohesive sediment becl, over a perbd
of rnany tkles. The processes of elgsion, deposition and consolitJation are
nrodelled. The model requires field and experimertally determined cohesive
sediment parameters as wellas krnwledge of the bed shear stresses, which
may be dertved from either f ieft| measurernent, a physical model or a numefrcal
rnodel.

The cohesive sediment becl in the SAP rnodel is represented by ten discrete
layers which are each assumed to be homogeneous, with a cedain density and
thickness. Sediment is subtracted or added to the uppermost layer, according
to the processes of ercsion and deposition respedively. In addition, the layers
are consolldated under their self-weight and the excess pore pres$rres within
the bed are dissipated. At each time step the density ard the thiclmess of eac*t
layer is calculated.

The erosion of a cohesive sediment bed may be assumed to occur when the
applied bed shear stress r, exceeds the erosion strength r". The rate of erosion
ol sediment from the bed dnVdt, may be expressed as

drn/dt = m" (r - rJ 7 ) 4 " (1 )

The erosion shear strength, rc, ard the ercsion @nstant, me, may be found
experimentally. The erosion shear strength t , increases with dry density and
may be related to the dry density po, in the form

r "=Apcs  e l

where A and B are experimentally determined constants lor a particular
cohesive sediment.

The deposition of suspended cohesive sediment to the bed is assumed only to
occurwhen the applied shear stress t, is less than a critical shear stress eo. The
rateof depositionmaybeexpressedasthem.rttipleof thenear-bed@ncertratbn
of suspended sediment c, the median lloc settling velocity w.oard a probability
function, such that

dny'dt = c wso (t, -rl I q ,r lro (3)

This gives a zero rate of deposition when t = to and a maximum for a pafiianlar
concentration of suspended sediment when t = 0. The median floc settling
velocity must be determined in the fieH and can usually be expressed as a
function of the suspended sediment concentration, where

wso=DC (4 )

where D and E are constants for a particular fieH locat'ton.

The consolidation of the cohesive sediment bed is rnodelled on the basis of three
prirrcipal assumptbns. The first is the assumption that the bed can be
represented as discrete layers each having a particular density and th'rckness.



The second is that there exists an ergineering relationship between the
etlective stress o,'and the dry density po of the cohesive sediment of the form

o" '=F+Gpo+Hpo2  (5 )

where F, G and H are constants. In addition, it is necessary to know the dry
density p6e, of lhe sediment immediately on deposition to the bed. This by
definition is the density at which the etfeAive stress is zero. The third
assumption is that there also exists an engineering relationship between the
permeability of the cohesive sediment k, and its dry density po, of the form

lo9(k)=J+Kpo (6)

where J and K are constants. Laboratory expedments can be oorducted in
columns on deposited becls to determine the relationships given in equations 5
ard 6.

Because the model is zerodimensional the process of advectbn is not
represented. As the model is applied to small areas it is feasible to assume that
lhe suspended sediment concentratbn field may be taken to be the same at all
points within the study area, although the bed shear stresses at difierent points
may well be diflerent. The tirne varying near-bed suspended sediment
corrcentratbns need to be determined forthe appllcation area, fortypbal spdng
andneaptirJes. Thisrequiresfieldmeasurementstobetakenatleastduringone
spring tide and one neap tkJe, and kleally over a period of some months.

The SAP model requires the bed shear stresses at the application point to be
specified during a spring tide and a neap tide. This data may be obtained from
lield measurement of the near-bed velocities, or from either a numerical or
physbal rnodel of the study area. Such models provkle data at a nunber of
points which enableslhe SAP rnodelto be run at each of these points.


